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Executive Summary

The SSC Workshop on Distributed Multipole Correction Coils was held at

Brookhaven National Laboratory on October 13 and 14, 1987. This Workshop was
organized by the SSC Central Design Group, and its purpose was to discuss the

present status of specifications, designs, and R&D plans for distributed,

actively-powered multipole correction coils (i.e., bore tube windings) for the SSC.
The Workshop had 25 participants, including seven from industry and one from
DESY, in Germany. A list of participants is included as part of this report.

The Workshop was organized into four consecutive sessions to discuss the

following topics: requirements for distributed correction coils, distributed correction
coil designs, materials issues, and plans for future R&D. The Workshop agenda is
included as Appendix A. The following conclusions were drawn from the workshop:
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Accelerator physics considerations indicate that distributed multipole correction
coils represent a feasible and flexible method to correct magnetic field errors in
the SSC.

Considerable progress has been made by Brookhaven National Laboratory in
collaboration with industry to develop a possible fabrication technique for
distributed correction coils. This technique consists of imbedding
superconducting wire in a flexible plastic substrate. Its feasibility for the SSC
still needs to be demonstrated. BNL has presented a preliminary plan for the
necessary R&D.

A successful technique has been developed to manufacture distributed
correction coils for HERA. The coil performance is excellent. As yet, no plan
has been proposed to study this type of correction coil for the SSC.

The results from an experiment to study radiation damage to organic materials,
although still preliminary, are providing guidance in selecting the most radiation
resistant materials to use in correction coils. The test samples in this experiment
were subjected to much larger radiation doses than expected at the SSC.
Considerable information on radiation damage is available in the literature.
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Requirements for Distributed Correction Coils

The main function of the distributed correction coils (or bore tube windings) described
in SSC-SR-2020, the Conceptual Design Report (CDR) for the Superconducting Super
Collider (SSC), is to compensate for the systematic field errors in the SSC magnets,
especially the field distortions due to superconductor magnetization currents and due to iron
saturation. The correction coils consist of long windings that are attached to the outside of
the beam tubes. These coils are located within the main dipole magnets; and, within each
dipole magnet, half of the available length along the beam line is devoted to a b, coil
(sextupole), and the remaining length is divided between bg and by coils (octupole and
decapole).

The SSC also has “lumped” correctors that are discrete elements not contained within
the main dipole magnets. These correction magnets are contained in the spool pieces. From
an accelerator physics point of view, this hybrid correction scheme provides a very
satisfactory field compensation, assuming that the expected field uniformity is achieved (for
example,at injection, by £4.7, by 0.3, and bg < 0.07, all expressed in standard units of
104 B, at 1 cm). (See Appendix B for the projection transparencies from a talk by Richard
Talman.) The correction coils can be powered to achieve the required tolerance on tune
variation (Av < 0.005 at 5 mm amplitude and 0.001 fractional momentum deviation). They
can also be used, via the “binning” technique, to help compensate for random field errors.

Other compensation schemes for field errors are being considered. It is possible that
in the final SSC design, some or all of the multipole correction coils will be replaced by
lumped correction magnets. Tune shift calculations, described in Appendix B, indicate that
such schemes are capable of satisfactorily compensating substantial systematic field errors.
Preliminary tracking studies support the conclusion that lumped correctors can provide
satisfactory compensation; however, since relevant studies of the “smear”, resonance
widths, and other indicators of accelerator performance have not yet been completed, it is
not certain whether lumped correctors alone can compensate for very large systematic field
erTors.

Continuing studies will focus on understanding in detail how well these
lumped-corrector compensation schemes would work. Although completed after the
Workshop, SSC-N-401, “A Design for SSC Multipole Correction Coils,” by Richard
Talman, is included as Appendix C. Other SSC Notes on this subject include SSC-N-383
by E. Forest and J. Peterson, SSC-N-413 by R. Talman, and SSC-N-417 by D. Neuffer.
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Distributed Correction Coil Designs

This workshop session included the following topics:
(1) Magnetic Design

(2) Engineering Design and Multiwire Techniques’

(3) Results to Date: SSC Correction Coil Performance
(4) HERA Correction Coil Design and Performance

Magnetic Design

The magnetic design of the distributed multipole correction coils were discussed in a
talk by Pat Thompson. See Appendix D.

Conductor Parameters
The conductor requirements for the distributed correction coils are much less severe
than those for the main dipole windings. The new parameters for the conductor
(single-strand conductor; 0.014 in. or 356 pm strand diameter; 54 filaments per strand;
27 pm filament diameter; and J, > 2.2 kA/mm?2) were selected primarily on the basis of
the following major criteria:
(1) The wire diameter must be small enough so that the wire can be “written” with the
Multiwire machine. (See Appendices F and G.)
(2) It was desired that the “short sample” current for the conductor be greater than 4 times
the desired operating current.
(3) The field distortions due to superconductor magnetization currents in the correction
coils must be much less than those from the main dipole coils.

Although the above criteria certainly lead to a workable correction coil design, two
possible modifications to these criteria should be considered. The factor of 4 margin in the
short sample current might be reduced, thus permitting an attractive decrease in the wire
size. The thinner conductor, of course, would be easier to form into correction coils using
the Multiwire machine. The choice of a different conductor might reduce the field
distortions due to superconductor magnetization currents by perhaps a factor of two.
However, an adequate margin in the current density must be provided to accommodate
energy deposition in the correction coils due to beam loss and hadronic cascades.



Automation of Coil Wiring Process

An automated system has been developed to wind the correction coils. The Multiwire
Division of Kolmorgan Corporation has adapted a machine to wind correction coils directly
onto a flexible plastic-foil substrate. In addition, outlines of the coils are drawn onto
transparent plastic sheets, which can be used as templates for visually checking the accuracy
of the finished coil assembly. The coil assembly is then wrapped around the bore tube of a
dipole magnet and is tightly bound to it. In this way, the desired wire placement,
determined on the basis of magnetic field requirements, can be accurately and largely
automatically achieved during the manufacture of the correction coils.

Construction Accuracy and Field Errors
Included in Appendix D is SSC-N-226, “Field Quality for SSC Internal Trim Coils,”
Pat Thompson, August 20, 1986. This paper discusses the magnetic field errors which
would result from construction inaccuracies in the multipole correction coils and presents an
estimate of the field accuracy that can be readily achieved, given the present state of
technology. The construction errors considered were the following:
(1) Displacement of a correction coil as a whole, transverse to the beam direction.
(2) Rotation of a coil, about its central axis.
(3) A gap in the coil, generated by wrapping the correction coil assembly around a bore
tube that has an incorrect diameter.
(4) Elliptical distortion of the bore tube.
(5) Random wire displacements.
(6) Displacements of “blocks” of wires. For example, a sextupole coil is considered as 12
separate blocks or groups of wires.

The rms magnetic field errors expected from coil placement errors in the correction
coils (in contrast to placement errors of individual wires) were about 5 percent of the
correction coil field, assuming the following rms construction errors: x displacement of
0.25 mm, y displacement of 0.25 mm, and 0.9° coil rotation error. The magnetic field
measurements, discussed in a later section of this report, indicated that the actual accuracies

were somewhat better. Wire displacements and block displacements do not tend to generate
large field errors.

Appendix E is a note by Jack Peterson and Alex Chao on “Tolerances of Beam-Tube
Corrector Errors.” This note includes a table on the tolerances for random errors of
correction coil construction. The first two columns of the table give the type of construction
error being considered and the accuracy that must be achieved. The next two columns
show the strength of the most important multipole error field which is generated, and the last
column identifies the correction coil which generates that error field. The tolerances for
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systematic construction errors are not yet available.

Engineering Design and Multiwire Techniques

The engineering design of the SSC correction coils, discussed briefly above, is
described in detail in Appendices F and G. Accurate and rapid conductor placement is
achieved by using a Multiwire wiring machine to lay down - or “write’” - an insulated
superconductor wire in a coil pattern on a flat flexible substrate, which has been coated with
a thermosetting adhesive.

Several manufacturers play important roles in the construction of the SSC correction
coil prototypes. Du Pont Company bonds a layer of Kapton to a layer of FEP Teflon, and
the finished product is laminated at Sheldahl, Inc., with a composite of glass and Multiwire
RC205 adhesive. This substrate material is then precision slit at the Metlon Company, and
precise sprocket holes and locating slots are punched by the Schneider and Marquard
Company. Finally, Multiwire lays the wire in a coil pattern on this finished substrate, and
the completed correction coil assembly is delivered to BNL.

The Multiwire machine was originally developed to lay copper wire onto a layer of
adhesive on a circuit board, and it has been adapted to construct correction coils for the
SSC. The wire can be written to an accuracy of about .001 in. (25 pm), and coated wire
with a .008-in. diameter has been written at speeds up to 600 inches per minute (15 m/min).
To achieve a production rate of 10 dipoles’ worth of coils per day, about 4 wiring machines
would be needed. Recently, Kapton-wrapped, .014-in. superconductor wire has been
successfully laid down, at about 175 inches per minute (4 m/min). At this speed, about 10
wiring machines would be needed.

When the correction coil assembly is completed, it is wrapped around the insulated
beam tube and tightly secured with layers of Kevlar impregnated with FEP Teflon. The
materials used in the coil manufacture must exhibit radiation resistance as well as have good
mechnical properties over a wide temperature range. A final insulating layer of Kapton is
applied to the assembly to prevent shorts to the main dipole coils. Accurate positioning of
the coil assembly on the bore tube is provided by guides which fit into slots cut into the coil
substrate. The completed correction coil and beam tube assembly is keyed to the dipole
magnet collars at the top and the bottom. G-10 spacers between the distributed multipole
correction coils and the main dipole coils limit flexure during operation. The evolution of
the engineering design during the prototype development is described in Appendix F.



Results to Date: SSC Correction Coil Performance

Four 4.5 m and two 17 m sextupole correction coils have been built using the
Multiwire technique and tested within dipole magnets. Useful quench current data were
acquired for two of the 4.5 m coils and one of the 17 m coils. The quench currents of the
remaining coils were adversely affected by the presence of the warm beam-tube insert
containing the magnetic-field measurement coil. The .008-in. superconductor wire used in
these model correction coils has a “short sample” current of 16 A at a main dipole field of
6.6 T; the design operating current is 4 A.

The details of the correction coil test data are given in Appendix H. The quench
current histories of the two 4.5 m coils, tested in a 5.8 T magnetic field, were similar: all
quenches were above 4 A, the coils trained to the short sample current in 5 to 10 quenches
for each current polarity, the coils remembered their previous training after a single polarity
reversal, and they required retraining after thermal cycling to room temperature. The quench
currents for the 17 m coil exhibited an unexpected dependence on history and ramp rate,
possibly because of a suspected short circuit in the vicinity of a splice. This coil did reach
currents of 7 to 12 A in fields of 4 to 5.5 T, but the quench data were insufficiently
repeatable to permit a sensible detailed analysis.

Although the short coils meet specifications, it is troubling that the coils require so
much training to reach the short sample current. Considerable development remains before
the present performance goals can be achieved (64 A short sample current in a 6.6 T dipole
field, 16 A operating current). Serious consideration should be given to reducing the factor
of 4 safety margin incorporated in the design operating current: not only does this large
safety margin lead to an inefficient use of superconductor in producing a given correction
field, but the presence of extra superconductor increases the field distortions due to
superconductor magnetization currents. These field distortions are particularly serious at
low field (i.e., during SSC injection). The HERA experience with correction coils
(discussed later in this report and in Appendix I) indicates that routine operation at a large
fraction of the short sample current is possible, if the superconducting wires are firmly
supported mechanically, so that they do not move under the influence of Lorentz forces.
However, the operating margin must be set high enough to deal with hadronic showers in
the coils.

When superconducting wires are immersed in an external magnetic field, that field can
generate magnetization currents and field distortions. In Appendix H, the measured
multipole fields are given for the correction coil operating at 2 A while immersedina2 T
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dipole field, because these conditions correspond roughly to the largest fractional magnetic
field correction which is required from the coils. In the last table of Appendix H, the
measured multipole fields are presented. For comparison, the field accuracy requirements
for the SSC dipoles are also given. When the measured multipole fields are compared with
the requirements for the correction coil field accuracies (given in Appendix E), it can be seen
that the construction accuracies appear to be about what is required: many random multipole
tolerances have been met. Not much can be said at this point about the systematic field
errors. The requirements have not been determined precisely, and not enough coils have
been measured to shed much light on this issue.

HERA Correction Coil Design and Performance

Appendix I consists of the projection transparencies from Peter Schmueser's talk on
the HERA correction coils. Care must be taken when using this Appendix, because the
notation used at HERA to describe multipole fields differ from that used at the SSC: the
indices differ by one (at HERA, “b,”” means the quadrupole field, not the sextupole field),
and the reference radius is 25 mm. A successful method to fabricate correction coils has
been developed at HERA. This design is an extension of the design of the correction coils
in CBA magnets. The HERA correction coils are about 6 m long and have an outer diameter
of 67 mm. For comparison, the corresponding dimensions for the SSC coils are 8 m and
36.3 mm.

HERA has distributed correction coils which produce quadrupole fields and sextupole
fields. A pair of 6 m coils is mounted on the cold beam pipe, within the main dipoles, near
each quadrupole magnet. Each correction coil assembly consists of 3 sextupole subcoils
mounted on the beam pipe and 2 quadrupole subcoils wrapped around the sextupole
subcoils. The quadrupole correctors have a design field strength of 0.048 T at a radius of
25 mm, and the sextupole correctors have a strength of 0.03 T at the same radius. The
technique used to fabricate the HERA correction coils is very different from that proposed
by BNL for the SSC correction coils. Single-strand, multifilament superconductor wire
with a diameter of .028 in. (0.70 mm) is wrapped with Kapton film and with a glass-fiber
and epoxy layer. This insulated wire is wound into a subcoil, and the subcoil is cured in a
press. The various subcoils are then mounted on the beam tube and are lashed tightly to the
tube with a compression wrapping of glass fiber. Early prototypes using a compression
wrapping of aramid fibers exhibited an unacceptable loss of tension during cooldown. The
field quality of the HERA correction coils significantly exceeds the accelerator physics
requirements.



The HERA correction coils are designed to operate at a nominal current of 85 A, and
the acceptance limit was set at 230 A (about 79 percent of the short sample current of
290 A). In the first production series of 61 coils, all made with BBC conductor, all but one
coil exceeded the acceptance limit. However, of the first 148 coils, about 10 percent failed
the acceptance limit. This problem was traced to the superconducting wire, which had flaws
which could be located using an eddy current technique. Since this problem came to light,
only eddy-current tested superconductor has been used in HERA correction coils.

The alignment scheme for the HERA correction coils depends on sensing induced
signals in the correction coils, when the main dipole coils are excited with a 500 Hz ac
waveform. The alignment is accurate to about 1 mrad.

The HERA correction coils are being constructed using a simple and proven technique
which may possibly be adapted for the SSC. However, no proposals have been made at
this time to study the use of HERA style correction coils at the SSC.



Materials Issues

This workshop session included the following topics:
(1) Radiation Damage to Organic Materials

(2) Results of Radiation Damage Experiments at BNL
(3) Proposals for New Materials

(4) Cryogenic Performance of Materials

Radiation Damage to Organic Materials

Appendix J consists of the projection transparencies from the introductory talk on this
topic given by Roger Clough. Some of the presented material will be contained in a future
publication.*

Much of the data comes from experiments conducted at Sandia, where there is a
swimming-pool radiation-exposure facility for subjecting samples to ionizing radiation
(gamma rays) from a Cobalt 60 source. This facility permits the simultaneous exposure of
many samples at different conditions of dose rate, temperature, and atmospheric
environment. In general, there are two major mechanisms of radiation damage to polymers.
Cross linking of molecular chains tends to harden materials, while scission of chains leads
to softening. The dominance of one mechanism over the other controls the type of radiation
damage which is observed.

Many radiation degradation effects in organic materials can be understood in terms of
the following model:

(1) The radiation exposure creates highly-reactive free radicals in the material.

(2) In the presence of oxygen, the free radicals undergo oxidation reactions. As these
reactions go to completion, the degradation of material properties occurs.

(3) In an inert environment (nitrogen, helium, vacuum, etc.), the oxidation reactions
cannot go to completion, so the free radicals remain in the material. Generally, much
less radiation damage is apparent. If the sample is exposed to oxygen at a later time,
the oxidation occurs and the radiation damage becomes much more pronounced.

* R.L. Clough, “Radiation Resistant Polymers,” Encylopedia of Polymer Science
and Engineering (John Wiley & Sons), to be published.
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Appendix J contains some experimental data on radiation degradation; these examples

can be understood in terms of the above model.
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One experiment shows the oxygen effect on the radiation degradation of PVC. See
page J-7. The capacity for tensile elongation is the ability of a material to be stretched
before it breaks. In this experiment, the capacity for tensile elongation, relative to its
initial value, is used as a measure of mechanical elasticity. Under simultaneous
conditions of radiation and elevated temperature, the PVC is found to degrade quickly
in air, while the same material largely retains its original properties in a nitrogen
atmosphere.

A second experiment (in air) illustrates the dose-rate effects of radiation damage to
PVC. See page J-8. Again, the loss of the capacity for tensile elongation is used as a
measure of radiation damage. When tensile elongation is plotted against total radiation
dose (in Mrad), for different dose rates, it can be seen that low dose rates lead to
greater apparent damage at a given total dose. This dose-rate effect can be understood
in terms of the time that is required for the oxidation reactions to go to completion, and
indeed this effect is not observed in experiments conducted in an inert atmosphere.
The radiation sensitization of polyethylene to thermal degradation is demonstrated in an
experiment (page J-9) where the degradation of tensile elongation due to elevated
temperatures is found to be much faster in a sample that had previously been
irradiated. This effect can be understood in terms of the free radicals (or peroxides)
that were created in the material during irradiation and that did not react until the
sample was exposed to high temperatures.

On Page J-10 is shown experimental data that illustrate the inhomogeneous
degradation of a test sample. Here, the hardness of a sample is quantified by
measuring the penetration of a sharp probe. The circular data points show the uniform
initial hardness of the sample, and the squares show the radiation hardening which is
observed in an inert atmosphere. The triangles, however, show that the hardness of
the sample undergoes inhomogeneous changes when the sample is irradiated in air.
The sample surfaces, exposed to oxygen, have softened while the core of the sample
has hardened in the absence of oxygen.

As discussed earlier, the radiation degradation of organic materials often exhibits

significant dose-rate effects. In particular, low dose rates can lead to high levels of
degradation for a given total dose, so it is important to estimate the damage that occurs at
very low dose rates. Because it is very time consuming to irradiate samples to large total
doses while maintaining a very low dose rate, an accelerated aging method has been
developed in which irradiation at elevated temperatures is used to simulate irradiation at low
dose rates. Page J-12 shows the total dose required to reduce the tensile elongation capacity
by 40 percent at various conditions of temperature and dose rate. It can be seen that low
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dose rates and high temperatures lead to greater radiation damage. The data points for
which the samples became heterogeneous are discarded. Then the 43°C data are held fixed,
while the data points for each high temperature condition are shifted to the left until a single
curve is created, as shown on page J-13.

When an organic compound is being selected for applications requiring radiation
resistance, several issues must be considered. The inherent radiation resistance of the
compound for the relevant conditions (inert environment vs. oxidizing atmosphere) should
be considered. The data given in Appendix J show that some organic compounds, such as
aromatic compounds (i.e., those containing an unsaturated ring of carbon atoms), are
especially radiation resistant. Note that chemical stability is not a good indication of
radiation resistance.

The inherent radiation resistance of an organic compound can be increased through the
use of additives such as antioxidants. Even small proportions of additives can have a major
effect.

Results of Radiation Damage Experiments at BNL

Appendix K contains the projection transparencies from a talk by Al Prodell on this
subject. Also included is a tabular summary of the results of the experiments. The test
samples used in the radiation damage experiments were fabricated from various
combinations of materials, including organic materials being considered for correction coil
construction. The 3.8 to 7.3-cm diameter samples were exposed to 193 MeV protons at the
Brookhaven Linac Isotope Producer (BLIP) beam line. Every 200 ms, the linac produced a
22 mA proton pulse which had a duration of 420 us. Since the BLIP beam line received 12
out of every 13 linac pulses, the average BLIP beam current was 42 pA. Each sample was
exposed for about one half hour, so the dose was 21 pA-hr. The beam size was about 2.1
cm (full-width, half-maximum), so the effective beam area was about 3.5 cm2. The
exposures had been designed to provide a total dose of 40 MGy, assuming a 6.9 cm2 beam
area, so the actual total dose was about 80 MGy. A preliminary estimate of the total
radiation dose to the correction coils during the lifetime of the SSC is on the order of 1
MGy, as described in SSC-N-439 by Don Groom.

Over 50 samples were studied in this irradiation experiment, and the results are
summarized in Appendix K. Some samples survived the radiation well, but others clearly
were damaged. For example, RX630 swelled about 6 percent and lost considerable
compressive strength; RC205 Multiwire adhesive became brittle and lost most of its wire
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peel strength; FEP Teflon lost much of its bond strength and became brittle after exposure to
air; and Kevlar fibers became brittle and weak. Although this experiment exposed test
samples to much greater total radiation doses than anticipated at the SSC, the preliminary
results of the experiment will be used to select more radiation-resistant materials to be used
in future correction coil models. This strategy will ensure, at no increase in cost, that the
materials used in the correction coils will survive, even if considerably higher total
irradiation doses were encountered at the SSC than is presently expected.

The results of this experiment are providing valuable guidance in the selection of
materials with greater radiation tolerance; however, it would be desirable to make a more
accurate estimate of the total radiation dose which the SSC correction coils must withstand.
Peter Schmueser commented that DESY has a modeling program which can be used to
perform the SSC calculation.

Proposals for New Materials

Appendix L consists of the projection transparencies from a talk by John Skaritka on
the choice of improved materials to be used in future models of correction coils. The
proposed changes are listed, and the reasons for the changes are given. For example, the
compressive wrapping of Kevlar fiber will be replaced by glass fiber, because glass has a
better thermal contraction coefficient, has greater radiation resistance, and is less costly.
Appendix L includes a schematic diagram of the current choices for construction materials
for the correction coils, and it discusses possible additional changes.

Cryogenic Performance of Materials

Appendix M consists of the projection transparencies from a talk by Mort Katz on the
mechanical and electrical properties of various organic materials at low temperatures. Also

included were some data on the radiation resistance of these materials. The following topics
were discussed:

(1) Some properties of Du Pont fluoroplastic resins.

(2) Experimental data on mechanical properties of these materials down to about 77 K.

(3) Electrical properties of various organic materials at liquid helium temperatures and
above.

(4) Radiation damage data on Kapton (Du Pont trademark) polyimide film.

Generally speaking, there is not a great deal of experimental data on the cryogenic
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properties of the organic materials which have been considered for correction coil
construction, partly because some materials, such as Kapton, are especially valued for their
excellent high temperature properties. However, Du Pont Company might be willing to
measure materials properties at conditions that are important for SSC applications.
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What's Next ?

The last session of the workshop was devoted to a discussion of future plans for R&D
on distributed correction coils for the SSC. A plan to build and test short correction coil
models is outlined on the last page of Appendix L. Briefly, 0.6-meter models will be built
to test new construction methods and materials before longer models are attempted.

Leonard Schieber presented some preliminary thoughts on using the Multiwire
technique to build correction coils directly on the surface of the bore tube, rather than
fabricating the coils on a flexible substrate. He felt that this process would be feasible. One
major advantage of applying the coils directly onto the bore tube is a possible improvement
in the accuracy of conductor placement: specifically, this technique may provide a
straightforward way to accommodate small variations in the diameter of the beam tube. In
the present method of correction-coil fabrication, the coil assembly is wrapped around the
beam tube, so any variation in tube diameter leads to a poor mechanical fit and to magnetic
field errors. (It is possible, however, that the present technique might be modified to
compensate for bore-tube diametric variations. One scheme would be to select individually
the thickness of the Kapton wrapping for every bore tube, so that all the wrapped tubes
would have identical diameters.) Two fabrication concepts were presented for applying the
correction coils directly onto the beam tubes. The tube can move back and forth under the
wiring head, or the wiring head can be mounted on a moving carriage for building the coils.
Clearly there are many tooling design issues to be addressed should it be decided to pursue
this new fabrication technique. It is possible that 10 or more wiring machines would be
required for the SSC, and each machine for building correction coils directly on beam tubes
can cost many hundreds of thousands of dollars.
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Workshop Conclusions

Requirements for Correction Coils

There are a number of possible ways to compensate for field errors in the SSC.
Accelerator physics studies indicate that the use of distributed multipole correction coils
(with some additional “lumped’ correctors located in spool pieces) is a flexible method to
correct for systematic field errors, including magnetization effects. This scheme will
certainly provide adequate corrections, assuming that the multipole specifications for the
main SSC magnets are met. In addition, distributed correction coils permit the
compensation of random field errors, if the “binning” technique is used. At least two
methods are presently being used to fabricate distributed correction coils: BNL is
investigating the Multiwire technique, and HERA is winding coils from strand. Other
methods involving shunting current in the main magnet coils or powering the coil wedges
might also be possible.

Among other field-error correction schemes currently under study are ones in which
the distributed correction coils are entirely replaced by lumped correctors. These ideas
require more study before the trade-offs are understood.

General Conclusions

The Workshop was very successful in providing an effective forum for information to
be exchanged. The presentations were informative, and it was clear that the industrial
collaborators are deeply involved. The present design for the magnetic-field-error correction
system, as described in the Conceptual Design Report, makes use of distributed multipole
correction coils as well as lumped correctors. This design is powerful and flexible, and the
correction system will surely perform its required task. However, more accelerator physics
studies and much more engineering development are required before a functioning, reliable
correction system is in hand.

Encouraging progress has been made in the R&D effort to adapt the Multiwire
technique to build SSC correction coils:

(1) The newly proposed testing and development program, as described in Appendix L,
provides a potentially quick and orderly method to investigate possible improvements
in the fabrication of correction coils. Many short coils will be built and tested, in order
to evaluate alternative designs, before long coils are built. The overall feasibility of
using the Multiwire technique to build distributed correction coils for the SSC must be
established. Other design issues that require study are the glass-fiber compression
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wrapping, film insulation of the wire, and new adhesives.

Multiwire and the other industrial collaborators have responded impressively. They
have played a crucial role in developing the design for the correction coils and a
sensible construction method for these coils.

A rational plan has been developed to build future models of correction coils using
more radiation-resistant materials. The SSC Central Design Group must provide a
more precise estimate of the total radiation dose to be withstood by the correction coils.
The radiation resistance of the organic materials, especially the adhesives, must be
better understood. Other materials properties, such as the thermal conductivity of
Kapton, need to be measured.

A successful technique has been developed to manufacture distributed correction coils

for HERA. The coil performance is excellent. As yet, no plan has been proposed to study
this type of correction coil for the SSC.

Other Issues

(D

@)

3)

Q)

®

The testing and development program for correction coils must be spelled out in more
detail, including estimates for the cost and schedule.

The superconducting wire parameters need to be optimized further. How large are the
magnetization effects? Is it true that the by field distortions from magnetization
currents in the correction coils tend to cancel those from the main coils of the dipoles?
Other wire issues are the mechanical flexibility of the wire, the insulation technique,
and quality control.

The alignment of the correction coil is an important and difficult issue which can be
adequately investigated only by building and testing full-length models.

Complete magnetic measurements require the development of an improved measuring
apparatus. It is necessary to develop a smaller field-measurement coil and a low heat
leak warm beam tube insert.

The CDG must provide detailed requirements for the magnetic field accuracy that must
be achieved by the correction coils.
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Agenda for

Workshop on Distributed Multipole Correction Coils

Tuesday, October 13
Welcome (Limon) 8:30 am.
Requirements for distributed multipole correction coils 8:45

(Session leader: Chao. Speaker: Talman)

Distributed correction coil designs (Session leader: Wanderer)

Magnetic design (Thompson) 9:30
Engineering design (Skaritka) 9:55
Coffee Break 10:20
Multiwire techniques (Schieber) 10:35
Results to date: SSC corr. coil performance (Wanderer) 11:00

HERA correction coil design and performance (Schmueser)  11:45
Lunch 12:30 p.m.
Materials issues (Session leader: Skaritka)

Radiation damage to organic materials (Clough) 1:20

Results of radiation damage experiments at BNL (Prodell) 1:50

Proposals for new materials (Skaritka) 2:10

Cryogenic performance of materials (Katz) 2:30

What's next ? (Session leader: Limon)

Direct application of coils to bore tubes (Schieber) 2:50
Discussions 3:10
Workshop Dinner 7:00 p.m.

Wednesday, October 14

Write report 8:30 a.m.
Lunch 12:00 noon
Summary session 1:00 p.m.
Close of workshop 2:00 p.m.



APPENDIX B

"Requirements for Distributed Multipole Corrections Coils,"
Talk by Richard Talman
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Table 2 @

Tolerances and estimated strengths of systematic multipole context in the SSC dipoles.
All multipole stzengths are in units of 10-'c:n‘n. The tolerances are abtained from the

linearity criteria. Estimated strengths are extrupolated from Tevatron data oa calculated
from the magnet properties.

Estimated Bstimated  Estimated
Tolerance Tolerance  Estimated Systematic Persistent  Saturation

(Conceptual (Current Random Error Strength Curreant Multipole Multipole

Multipole Pesizgn)  Lattice) (Tevatron) (Tevatron) Strength Strength
b, 0.0073 0.0097 2.0 0.45 -4.7 1.2

b, 0.011 0.017 0.35 -0.14 - -

b, 0.016 0.031 0.60 -0.33 0.30 -0.05
b, 0.024 0.054 0.06 -0.024 - -

b, 0.035 0.096 0.08 1.57* 0.07 -0.01
b, 0.051 0.17 0.16 0.009 - -

b, 0.074 0.39 0.02 -2a1* <0.03 0.02

* Tevatron magnet design; to be reduced in SSC magnet design.

From N 55C-/32.
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APPENDIX C

SSC-N-401, "A Design for Multipole Correction Coils,"
Richard Talman, October 26, 1987

Appendix also includes abstract of SCC-N-413, "Systematic Compensation of the SSC
with Two Lumped Correctors per Half Cell," Richard Talman, December 1, 1987.



SSC-N-401

A Design for SSC Multipole Correction Coils

Richard Talman |
SSC Central Design Group
October 26, 1987

Abstract

Two coil designs are given for SSC correction magnets which generate dipole,
sextupole and decupole magnetic fields within a single lumped element. The
lengths of these magnets are determined by the dipole steering requirement. The
increase in their length due to incorporating sufficient sextupole and decupole

capability is negligible.

I. Introduction

In the SSC, multipole correction magnets are needed for various purposes. In
fhe CDR it has been assumed that the correction of any particular multipole
requires the corresponding pure single element. For example, b2 compensation
requires a sextupole magnet. Here a design will be given for a single-layer multi-
coil magnet which can'be used to correct all of by, bz and bs. Symmetry makes it
natural to correct these particular elements in the same magnet. It is also natural
to correct b1 and b3 together in a magnet of opposite reflection symmetry, perhaps
in the main focusing quads, but that case will not be considered here. Correction
of the even skew elements ay; can be performed by rotating the magnets
considered here by 90°. _

The designs considered here could perfectly well be applied to long bore-tube

correction elements inserted into the main dipole magnets but the case of short



lumped correctors will be emphasized. It may be that the fabrication techniques
developed by Skaritka and others at BNL for fabricating correction coils can be
used also for the coils discussed here. _

The use for bg correction is to trim the closed orbit by local steering. It is
assumed in the CDR that there will be one such, independently-powered, dipole
correction element in each half cell. It has further been assumed in the CDR that
the prototypical use for sextupoles and decupoles is to compensate for persistent
current mutlipoles. For this purpose, families of ba elements are wired together
in series, and similarly for bs. We will give one design appropriate for such a
correction scheme.

Another scheme, which has not previously been considered, and which
would require twice as many power supplies, would permit the individual
control of by and by elements within each half cell. It is conjectured here (but
remains to be exhibited) that such a scheme can both correct the closed orbit and
give a large improvement in dynamic aperture for the SSC. Anyway, a design
appropriate for such a correction element will be given. This magnet will also
contain a decupole coil not necessarily individually controllable. This case, for

which the analysis is slightly simpler, will be described first.

IL Theory

Figure 1a shows a current distribution of the symmetry to be considered;
symbols defining the geometry are shown there. Assume that the coil is thin
and lies on a circle of radius R. To simplify the formulas we will set R = 1 and
reintroduce R explicitly only at the end. By Ampere's law the y component of

magnetic field at point P due to current in the range do is given by:

cosO - x
B = 0 1
dBy(x,0) =C sin20 + (cos® - x)2 d )

c-3
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Figure 1. Geometry of coils having the same symmetry as a dipole.
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where the constant C will be specified later. Summing and integrating over all

four coils. We obtain

Ou

By(x,0) = 2C J [
01

- 0+
cosO — x cos8 + x ] 0 @)

sin20 + (cos0 — x)2 * sin20 + (cos® + x)2

To study the multipole content we require an expansion in powers of x of the

expression in square brackets.

1-x2
1 - 2c0s26x2 + x4

2C[]=4C cosf 3)

=4C cos 9[1 + (-1 +2c0s20) x2 + (1 — 2c0s20 + 2cos40) x4 +. . . ] 4)
Finally we get

By(x,0) = bg + bzx2 +bpt + ...
where

A© -
bg = 8C sin Tcose

8C 3A0 ~
b =—§-sin Tcos 30

8C 5A0 -
by =5-sin —cos 50 5)



It can be seen that, when expressed in terms of the average coil angle 8 and the
coil angular extent A6, certain multipole attributes can be read directly from these
analytic expressions for the by.

The constant C in (1) is given by

(6)

where the coil is assumed to have N turns and to carry current I. The units are
MKS except that the factor of 10 permits distances to be measured in
centimeters, as is coventional. The factor 10 is also part of the conventional
"units” and By is a reference dipole field; the by's are "fractional” errors referred

to Bg. Finally in all previous formulas x should be replaced by x/R.

OI. A Dipole-Sextupole Coil With a Subsidiary Decupole Winding.

Consider a coil design such as illustrated in Figure' 2. There are three
independent coils (only a single turn is shown but each coil can have mutliple
turns.) For this magnet it is assumed that two currents Ip; and 12)2 are
individually controlled while I3 flows through a family of series-wired
decupoles which compensates systematic bg terms. The currents Ip; and I;z are to
be adjusted to give tﬁe desired dipole and sextupole (i.e., bg and b?) fields. Since
there is no independent b, control these coils must be (and have been) designed
so that they give no b, contribution. By preference I, would not contribute to b,
and b2 but that is not really necessary (and is not achieved in the proposed

design) because Ig2 and I;)Z can be adjusted to compensate.



Figure 2. Wiring diagram (copied from M. Green) for a by, bz, by correction
magnet with bg and bz individually controllable.



These conditions can be expressed analytically by introducing a 3 x 3 transfer
matrix M which relates the vector B = (bg, b, bg)T to the vector I = (Ipy, I;)?_, )T

according to

B =MI
I=M'IB (7)

For the coil shown in Figure 3 the angles are

00=0

81 = 0.6284 = 36.00°

02 = 1.2565 = 71.99°

83 =1.4=280.21° (®)

and the matrix and its inverse are given by

0.29392 0.18158 0.01722
M= | 0.15850 -0.25641 -0.04735 9)
0 0 0.06577

24621 1.7435 0.61061
M-1=] 15219 -2.822 -2.4303 (10
0 0 15.2045

From the structure of these matrices it can be seen that bg and by can be adjusted
arbitrarily without influencing bg. On the other hand, to obtain a pure by field

the currents must be in the ratios 0.61:-2.43:15.2.



Figure 3. A dipole-sextupole coil with subsidiary decupole winding.



One can inquire whether this design is "inefficient” in the sense that the
currents are "’bucking" each other, thereby giving a smaller maximum field for a
given maximum current than would otherwise be possible. For a pure dipole
field the currents are in the ratio 102=I£)2 = 2.46:1.52. Since the coils subtend equal
arcs the current I;)Z is less than maximum by some 38%, assuming that Ip is
maximum. On the other hand a single pure dipole coil only subtends 60° instead
of the 72° of these two coils. Combining factors the present arrangement is only
3% weaker than a 60° pure dipole coil with the same current limit.

Next we inquire about achievable sextupole strength. This time assume the
maximum excitation is set by I;)Z = 2.46, (the same curent limit but for the other
coil). This is 0.87 times the value 2.82 (see formula (10)) and that is one factor by
which the maximum value of by will be less than the maximum value of bg.
Now in the CDR the maximum dipole correction field per half cell is 3.1 Tesla-m
which can be compared to the full bend field per half cell which is 6 x 16 m x 6.6
T = 634 T-m. Using the conventional "units" (by which fractional fields are
quoted in parts per 104) this required dipole field for the steering coil being
designed can be quoted as 104 x 3.1/634 = 50 units. Since only horizontal bends
can be modified this should be derated to 25 units. Taking the coil radius as 2.2
cm and working in the conventional cm units the maximum sextupole strength
would be by = 0.87 x-25/(2.2)2 = 4.5 units. This is a "full field" value, not an
"injection” value. It greatly exceeds the value of 2 units presently specified for
distributed bore tube sextupole correctors at full field.

The contents of the previous two paragraphs can be recapitulated as follows:
the required integrated sextupole correction field strength per half cell can be
achieved in the same elements as are used for steering. The lengths of these

elements are determined by steering requirements; they do not need to be
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lengthened owing to the "piggyback-riding" sextupole coils. Furthermore, the
decupole correction can be thrown in also at no cost in length along the beam
line.

Before becoming too elated by this result one should be reminded that a
lumped sextupole compensation scheme with just one lump per half cell is
known to be inadequate. Also schemes which move horizontal steering away
from horizontal focusing quads will force the steering correctors to be somewhat
stronger. A scheme using two lumps per half cell is being worked on. It will be

the subject of a subsequent report.

IV. A Dipole Coil With Subsidiary Sextupole and Decupole Windings.

Consider next the coil shown in Figure 4. This has four windings except that
the first and third are wired in series to form a dipole coil which carries a current
Ip. This coil has been designed to give zero contribution to both bz and bg. The
second winding, carrying current I4 corrects decupole errors. It has a dipole
component which must be compensated with Ip. The fourth winding carries
current I> and corrects sextupole, with Ip and 14 being adjusted tb compensate its
dipole and decupole fields.

The angles defining the coil are

00=0

01 = 24.40°

02 = 36.10° (11)
03 = 60.16°

04 =74.48°

and the matrix equation describing its performance is

c-11



Figure 4. A dipole magnet with subsidiary sextupole and decupole windings.
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bo 0.3456 0.0481 0.0880 Ip

by |= 0 -0.1132 0 I (12)
by 0 01074 -0.0856 I
Io 2.893 4.051 2974 by
I |= 0 -8.834 0 b (13)
I 0 -11.084 -11.682 by

By introducing a more complicated arrangement with more coils it would be

possible to improve the "orthogonality” of these correction coils. Also many

other variants are possible.
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SSC-N-413

Systematic Compensation of the SSC With
Two Lumped Correctors Per Half-Cell

RICHARD TALMAN
SSC Central Design Group

December 1, 1987

ABSTRACT

Lumped systematic field compensation of the SSC is analysed using teapot
for particle tracking followed by Fourier analysis. The smallest number of cor-
rectors per half cell yielding acceptable compensation is at most three, and is
probably two; the latter case is studied here. The best scheme found meets the
requirement of constancy of the off-momentum, large-amplitude tunes, is suffi-
ciently fine-grained to yield satisfactory improvement of the linear aperture by
means of the “binning” compensation of random errors, and has been checked to
be satisfactory for chromaticity adjustment and orbit flattening. Only a single
point in the tune plane has been studied and the minimum set of multipoles
needed in the lumped correctors remains to be determined. Also sensitivity to

errors which are partly random, partly systematic has not been studied.
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APPENDIX D

"Magnetic Design,"
Talk by Pat Thompson

Appendix includes "Field Quality for SSC Internal Trim Coils," Pat Thompson,
August 20, 1986.
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MAGNETIC DESIGN OF INTERNAL CORRECTORS
P.A.Thompson (BNL)
Presented at SSC-Workshop on Distributed Correction Coils
13-14-0October-1987



I CONDUCTOR SPECIFICATION

The first problem criterion is the neccessary short sample
current. For these trim coils we chose to design for Ioperation~
0.25 Ishort sample. The estimation was that the labor involved in
making coils with the mechanical excellence to reach ~100% of short
sample would be more expensive than the added superconductor.

Most of the coils of this type made previously have had copper
to superconductor ratios of ~2:1 and there are no compelling
reasons to change.

The larger the wire diameter, the fewer turns neccessary for a
given field strength. Also larger wires are less vulnerable to
damage both in manufacture and in wireing. The insulation of the
wire is a significant 20-50% fraction of the total cost of small
wires.

The MultiwireR process offers significant savings
in labor and improvements in accuracy. The mechanics of this
process limit the wire size to 0.006" (previous), 0.014" (under
test), 0.020" (soon??).

So current design is 0.014" wire.



Page 2

Note that the wire specification is conservative both in Jc
and in the ratio of operating current to short sample. The coils
are 8 meter(B2),3meter(B3), and 5 meter(B4) long. The right hand

column in this table gives the field strength in "standard units"
(1x10'4' X 6.6 Tesla @ 10 mm) and in parenthesis the required

strength. These are values for I = 16 Amps (25% of short sample).
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Page 3

At injection, the Jc in the trim conductor is very high and
the transport current needed for correction purposes is a very
small (<0.5%) fraction of this. Thus large persistent
magnetization currents can be induced in the superconducting
filaments. Since the trim conductors are much closer to the center
of the bore tube than the main coils, the higher multipole
contributions from this effect are enhanced,

Two cases have been calculated: 1) the early trim coils in
which a single filament (140 um) conductor was used and a later
version with a multifilamentary conductor. There is no intention
of building further coils with single filament conductor.
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The multi-wire method of making flat coil patterns has been
used because of its low labor cost, accuracay and reproducibility.
The block diagram shows the data flow for coil generation with this
technique. The input at the start is basic parameters such as wire
size, bore tube diameter, and the physics parameters of the desired
coil. The computer code then generates the specific commands for
the wiring head. These commands are also feed directly into a code
which calculates the field harmonics. The resultant data (as well
as being printed out for reference), is electronically transported
to an on-site Computer—VisionR CAD system which can
produce high quality displays, production drawings and high
accuracy (0.001") templates for quality control.

The wiring commands are also transported electronically to the
Multi-wire VAX and thence to the wiring head. There is thus ~0
delay between a decision to make a particular coil and when the
wiring head can start running. Very few cracks exist in which
human errors can result in a different coil being wired from that
which was calculated. 1In principle, one could make individual trim
coils in any number- this is probably a dangerous degree of
freedom.

Any flat coil pattern needs to be cut so that it can be
wrapped around the bore tube. In the obvious way (one coil per
pole) of making coils the only place to put these cuts is at the
midplane. The midplane is the worst place to remove conductor.
Hence these coils have been designed as "double coils", with one
coil for every two poles. Then one can cut the pattern at one of

the poles where there is an almost arbitrary amount of dead space.
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A drawback of the "double coil" concept is that the ends
violate the basic symmetry. Most "as built" coils have small
deviations- eg. one fewer turns around the lead end than the
return end, one leg of each turn slightly longer, interconnections,
and the leads. With this completely computer controlled system, it
is possible to sum the field produced by each piece of wire to
determine the total field and by use of the precision template to
insure that the completed coil matches the computer model to high
precision.

The tables of harmonics for the coils are calculated in this
fashion. The fundamental has been set =10000, thus the impurities
are parts in 104 of the fundamental which in turn is
4(0.4)x10"% of the dipole field (sextupole/other).

Looking through these tables reveals that the various asymmetries
produce <3 x 10™4 of the trim field. And that the

gecond allowed harmonic( the first non-zero harmonic for single
block coils) is comparable. Thus worst case results are

10~7 of the main field. These could be corrected by

very small changes in the trim winding pattern, but are so small
compared to both-rms and systematic errors from other causes it was
not thought worthwhile.
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SEXTUPOLE 8 METERS 0.014" wire

Harmonic #

1
2
3
4
5
6
7
8
9

10
11
12

13

14
_ 15
16
17
18

19

2

Total commands= 802 Feet of wire= 3214.224
All Harmonics integrated for Coil Length = 8.00 m
B(Nharm) (Tesla,m) B(Nharm) @ R =(mm)
28.802 0.00288 10.00
Harmonics Normalized(*le4) at Reference Radius
-0.05259 0.20398
0.20263 -0.33605
~-0.93654 10000.00000
0.47946 -0.11803
-0.42719 -0.03982
1.51295% 0.08235
-0.19809 -0.18415
0.09529 0.17306
~-0.02618 -0.16024
~0.01684 0.09761
0.03272 -0.05872
-0.02081 0.02874
0.02768 -0.01174
-0.01951 0.00149
0.01293 ~-2.16683
-0.00678 -0.00455
0.00311 0.00414
-0.00152 -0.00304
-0.00004 0.00206
0.00043 -0.00121

20

Generated # holes,sizes=
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OCTUPOLE 3 meters 0.014" wire

Generated # holes,sizes=

D-19

Total commands= 649 Feet of wire= 1180.325
All Harmonics integrated for Coil Length = 3.10 m
Harmonic # B(Nharm) (Tesla,m) B(Nharm) @ R =(mm)
3 590.32 0.00059 10.00
Harmonics Normalized(*le4) at Reference Radius
1 0.71605 0.64780
2 -1.25665 -0.62678
3 1.35116 -0.10688
4 -2.71742 10000.00000
5 0.54386 -1.17992
6 0.13048 1.07452
7 -0.49870 ~-0.66177
8 1.73404 0.13535
9 -0.42569 0.07587
10 0.22745 -0.19783
11 -0.06268 0.19180
12 -0.03536 -0.15236
13 0.06332 0.06569
14 -0.05775 -0.01527
15 0.03719% -0.01066
16 -0.01232 0.01738
17 0.00318 -0.01544
18 0.00332 0.00940
1¢ -0.00479 -0.00396
20 0.00406 -0.22412
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DECAPOLE 5 meters,0.014" wire

Total commands= 490 Feet of wire= 1978.425
Harmonics integrated for Coil Length = 5.00 m
Harmonic # B(Nharm) (Tesla,m) B(Nharm) € R =(mm)
4 57696. 0.00058 10.00
Harmonics Normalized(*le4) at Reference Radius
1 0.20353 0.42745
2 0.08864 =0.34930
3 -0.10208 0.16590
4 -0.14027 ~0.05525
5 -1.00502 10000.00000
6 0.02009 0.02137
7 -0.02330 0.00870
8 0.01890 -0.00171
9 -0.00846 -0.00466
10 0.35374 -0.02605
11 -0.00424 -0.00166
12 0.00267 0.00174
13 -0.00125 -0.00150
14 0.00073 0.00008
15 -0.00129 =0.00443
16 -0.00001 0.00038
17 0.00001 -0.00026
18 -0.00005 0.00017
19 0.00006 -0.00008
20 0.00040 -0.00005

Generated # holes,sizes=
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Page 6

II TRIM COIL FIELD ERRORS

Attached is a note discussing many of the possible errors in
trim coils. Presented at the workshop were:

1. The definitions of errors discussed (pages 2,3)
2. The mechanical tolerances page 6
3. Results pages 7,8.

4. A more precise calculation of the systematic field errors in
the winding pattern. THIS REPLACES SECTION 1IV.l1l. The exact
calculation gives values 1-2 orders of magnitude smaller than
the estimates in this section.

5. Note that the octupole design has been changed- there are NO
POLE LOCATOR pins within these coils. This design turned out
to be mechanically undesireable. We may have problems with the
coil twisting over its 3 meter length- if so we can make the
coil i1 two pieces with location in between.

6. Magnetization- Section IV.3- This section was in error and
should be replaced bv the discussion at the workshop.
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I INTRODUCTION

This note presents calculations of the field errors induced in
the proposed SSC internal trim coils by various construction and
assembly errors. Tolerances have been derived from these errors.

With tolerances of approximately 10 mils, which is achievable with the
present technology, the worst case errors are about 5% of the
fundamental harmonic. In may be possible to develop a technology
which will produce 4 mil accuracies which correspond to worst case
errors of 2 %.

II ERROR MATRICES

The program computes the perturbed positions of the wires of the
coil under study. The field is sampled at 64 points around a 10 mm
radius and a Complex Fast Fourier Transform is used to obtain the
harmonic expansion. For calculation standard perturbations of 1 mm
and 5 degrees have been used. These are larger than the tolerances
which will be discussed latter. Six basic types of perturbation have
been investigated:

1. Displacement, the coil as a whole is displaced in an
arbitrary direction from the center of the main dipole coil.
For simplicity, results are presented for a 1 mm displacement
in the y direction. For small displacements the effects of
multiple perturbations add linearly, and the effects of a
displacement in x are similar to those in y except for the
generation of normal rather than skew harmonics. The
dominant effect is the generation of the (m-1l)th normal/skew
harmonic, with second order terms in (m-2).

2. Rotation, the coil as a whole is rotated about its center
relative to the main dipole coil. Results are presented for
a standard 5 degree rotation. The dominant effect is the
generation of the m-th skew harmonic.
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A gap in the Coil. If the diameter of the bore tube is
larger than the coil, an asymmetric gap will be generated.
The results for a 5 degree gap at 22 degrees are presented.
22 degrees is where the cut in the substrate will be made.
This generates a very rich harmonic spectrum.

Ellipse: 1In assembly it is likely that the bore tube will be
distorted. The simplest distortion is an ellipse. Results
are given for a perturbation of 1 mm inward at the pole.

This generates a significant normal (m-2)th harmonic. Aan
ellipse with its short axis horizontal has the same harmonics
but with the opposite signs.

Random Wire displacements. Calculations were done for the
case where each wire is allowed to move up to 1 mm azimutﬁaly
from its nominal location. (In the physical coil these wires
would often overlap for such a large variation). The
disturbution used is flat from -1 mm to + 1 mm of
displacement.The field perturbations generated in this manner
are small, presumably due to the large number of wires (~200)
involved.

Random Block displacements. Calculations were done where
each block of wires was moved randomly over +-1 mm. For this
calculation, a block is the group of wires between each
"midplane" and pole. Thus a sextupole coil consists of 12
blocks. The field distortions produced by these
displacements are marginally significant. If the two blocks
between adjacent poles were displaced as a whole, the field
distortions would be approximately twice as large.

The results of these calculations are presented in tables 1-3;

one table for b2,b3 and b4 coils. In thése tables the perturbations
are 1 mm for displacements and 5 degrees for rotations. These values
were chosen for ease in comparing data and are larger than reasonable
tolerances. A subsequent section of this note develops actual
tolerances. The tables are arranged with 12 columns of harmonics
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subdivided into 6 groups of two. The first column in each group is
the Bx or skew harmonic, the second is the normal harmonic. The rows
are labeled with the power of R for the harmonic. The values quoted
are percent (%) of the fundamental- evaluated at 10 mm radius. Thus
the normal fundamental harmonic is usually close to 100%. For the two
cases where random perturbations were applied, only the rms variation
of the fundamental from 100% is given. This variation is of course

unsigned.
Table 1l: Field Perturbations for b2 Coil
(as percent of Fundamental)
OIL — b 2 (C 3) 19 turns 6.70 G/Amp
displacement Rotation Gap Ellipse Wire rms Block rms

m-1 dy=1 mm 5 deg 5 deg. dy=-1mm 1 m 1m

0 o -1.0 0 0 =-2.5 1.3 0o =13.2 0.5 0.6 2.1 1.6
1 20.0 0 0 0 -3.1 4.4 0 4] 0.7 0.6 1.7 2.4
2 0 100.0 25.9 96.6 -13.6 99.1 0 100.0 0.7 0 2.2 0
3 0 0 0 0 -1.0 =-2.9 0 0 0.6 0.3 1.2 2.7
4 0 0 0 0 -0.7 -=0.7 0 0 0.2 0.3 0.9 1.2
5 0 0 0 0 -0.4 -0.1 0 -2.2 0 0 0 0
6 0 0 0 0 -0.2 0] 0 0 0 0 0 0
7 0 0 0 0 -0.1 0.1 0 0 0 0 0 0
8 0 0 0 0 0 0.1 0 0 0 0 0 0
9 0 0 0 0 0 0o 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0 0 0 0] 0 0
13 0 0 0 0 0 0 0 0 0 0] ¢ 4]
14 0 0 0 0 0 0 0 0 0 0 0 0
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Table 2: Field Perturbations for b3 Coil

(as percent of Fundamental)
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IIT TOLERANCES

It seems sensible to discuss two levels of manufacturing
tolerances; the level which can be achieved with present technology
and careful construction, and the level which could be reached with
significantly improved technology. These are summarized below:

Technology Level I IT
Tolerance
Displacement of Coil 10 mil=0.25 mm 4 mil=0.10 mm
Rotation of Coil 10 mil=0.9 deg 4 mil=0.4 deg
Gap 10 mil=0.9 deg 4 mil=0.4 deg
Elliptical Deformation 10 mil=0.25 mm 4 mil=0.10 mm
Wire RMS 5 mil=0.12 mm 2 mil=0.05 mm
Block Rms 5 mil=0.12 mm 2 mil=0.05 mm
Coil Length 40 mil=1 mm

The displacement of the coil comes from the tolerance build up in the
locating keys and the uncertainty of the shape of the inner
circumference of the main coil. To improve this significantly would
require a more sophisticated locating system and a method of measuring
the position of the bore tube accurately with respect to the main
coil. The rotational uncertainties arise from the same sources. The
gap in the circumference arises from uncertainties in the diameter of
the bore tube. It may be possible to reach the 4 mil (1.3 mil on the
diameter) tolerance by building up the bore tube with Kapton, this is
a lengthy procedure.

The elliptical deformation comes from the assembly procedure for
the main coils. Ironically, the deformation can be reduced at the
expense of increasing the uncertainty in the placement of the coil as
a whole. To achieve the 4 mil tolerance would require both a new
assembly arrangement and a means of measuring the bore tube shape in
situ.

The wire and block internal variations are the easiest to control
and have the least effect upon the field quality. One could probably
achieve 2 mil tolerances with the present techniques.
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The tolerance on the overall length is a nominal one, and
represents less than 0.03 % variation in effective length.

IIT.1 Results For Sextupole (b2) Coil

Refering to table 1, one can determine coefficients for the
various harmonics, and multipling them by the tolerances above gives
the following field errors:

Tolerance Level I . IT
Perturbation Coefficient Amplitude Amplitude
Displacement bl/al = 20 5 % 2 %
Rotation a2 = 26 6 % 2 %
Gap a2 = 14 2.5% 1 %
Elliptical bo = 13 3 % 1.5 %

Wire Rms b's/a's =~ 0.6 0.1% 0.06 %

Block Rms b's/a's

t

2.7 0.7% 0.3 %

It is apparent from the above that the problems with trim coil fields
are dominated by the positioning of the coil as a whole. In reading
this table, it should be remembered that the harmonics are quoted as a
percent of the b2 field which is <5 x 104, Hence these

fields are <6 ppm of the central dipole field. These field errors
will also tend to be fairly random from magnet to magnet and perhaps
even within a magnet. The exception is the dipole generated by
elliptical squeezing of the coil. Any significant improvement below
the 5% level will require an elaborate measurement technique to verify
the placement.

IIT.2 Results For Octupocle (b3)

The results for the octupole are of course similar, however
because of the higher multipolarity, the coefficients are larger.
Fortunately, this coil is only intended to supply 0.4 units of
correction (a factor of 10 less).
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Tolerance Level I IT
Perturbation Coefficient Anplitude Amplitude
Displacement b2/a2 = 30 8 % 3 %
Rotation a3 = 34 8 % 3 %
Gap a3 = 17 3 % 1%
Elliptical bl = 26 6 % 3 %
Wire Rms b's/a's ~ 1.5 0.4% 0.2 %
Block Rms b's/a's ~ 5.0 1.2% 0.5 %

Although these errors seem large, one should recall that 8% x 6.4 x
1074 is 3 ppm, and that the bulk of them will be random.

IIT.3 Results For Decapole (b4)

This coil is even more sensitive, but again is only intended for
0.4 units of excitation.

Tolerance lLevel I IT
Perturbation Coefficient Amplitude Amplitude
Displacement b3/a3 = 40 10 % 4 %
Rotation a4 = 42 10 % 4 %
Gap a4 = 21- 5 % 2 %
Elliptical b2 = 39 10 % 5 %
Wire Rms b's/a's ~ 2.5 0.6% 0.3 %

L

Block Rms b's/a's 7.0 1.7% 0.7 %

If one takes the worst case of 10 %, at 0.4 units of excitation this
becomes 4 ppm of the central field.

I1T.4 Forces

The Lorentz forces applied to these trim coils are comparatively
low: 5 amps X 6.5 Tesla = 32.5 N/meter = 0.2 lbs/inch-wire. If the
sextupole coil is unsupported, these forces will produce a maximum
radial deflection at the midplane of 0.0009". The higher multipoles
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will produce even smaller deflections. There also can be collective
forces between the trim coil and the main coil. For a pure dipole
field, and the trim coils considered, the only force which is not
identically zero occurs in the case of a gap in the coil (at 22
degrees). For a five degree gap a tangential force of 0.31 lbs/inch
is generated in the sextupole. The equivalent numbers for the
octupole and decapole are 0.24 and 0.19. If the bore tube were
confined only at one end, this could produce rotations of 30 degrees.
In the actual case where the coil is keyed every 24 inches, the
accumulated rotation is <0.1 degree. The sideways force on the keys
will be 7 1lbs.

III.5 Magnetic Coupling

If there are any common harmonics between the trim and main
coils, there will be electromagnetic coupling between them. The
extreme case is where the trim coil has the same harmonic contentas
the main coil. For the coils considered in this note, there are two
sources of this coupling. 1) The main dipole has a small sextupole
component which couples to the sextupole trim coils. This is
dominated by 2) Dipole components in the b2 and b4 coils generated by
elliptical deformations. The most serious effect of this coupling is
that a quench in the main coil induces a voltage on the trim windings.
For the coils considered this coupling coefficient has been calculated
to be 0.045 volts/meter/(Tesla/sec) for a 1 mm deflection of the b2
coil. (the equivalent coefficient for b4 is 0.002). For dB/dt = 50
Tesla/sec and a length of 8 meters this gives 18 volts/sextupole coil.
If the level I tolerances (0.25 mm) are achieved this becomes 4
volts/coil.
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IV MISCELLANEOUS FIELD ERRORS
IV.1l Ends

To eliminate coil-to-coil crossovers and for compatibility with
the flat coil manufacturing technique, the coils are wound in pairs.
This means (see Figure 1) that a sextupole has only 3 separate coils,
rather than the 6 one might expect. The ends of such coils produce a
small addition to the fundamental and a skew harmonic at twice the
angular frequency. From the dimensions of the coils it is trivial to
calculate upper limits on the sizes of these terms. For a Cm (bm-1)
coil these limits are:

Cp< theta*R/L and  Cyp < theta*R/L *(Ro/R)™

where theta = 2*pi/(3*m), R is coil radius, L is coil length

and Ro is the 10 mm reference radius.

The Results are:

Sextupole (b2) L=8 meters

C; < 0.14 %

Cg < 0.03 %
Octupole (b3) L=3 meters

Cqy < 0.30 %

Cg < 0.04 %
Decapole (b4) I=5 meters

Cg < 0.14 %

Cip < 0.01 %

The addition to the fundamental is the same as a small increase in
effective length and is unimportant. The skew terms are all <0.1% and
can be ignored.

IV.2 Octupole Locator Pins

The pins which locate the trim coil within the main coil must be
at 90 and 270 degrees to match the main coil poles. For the octupole
trim coil, these pins lie on the midplane of the windings. To allow
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for this the windings must follow the cutouts around these pins.
(This is shown in Figure 2). Because octupole symmetry is maintained
for these cutouts, the only harmonics generated are octupole (b3) and
24~pole (bll). The cutouts are spaced 18" apart, giving a reduction
in octupole strength of 2.6 % and a bll of 0.04% of b3 (at 10 mm).

IV.3 Magnetization

The trim coil conductor itself will exhibt magnetization effects,
from the interaction of the main dipole field with the superconductor
in the trim coils. The volume of superconductor in the trim coils is
approximately 0.5% of that in the main coils. The filament size is
approximately 120 microns compared with 5 microns for the main coil.
Thus the effective magnetization strength is 12 % of that of the main
coil. The dominant effect will be a dipole term which will be
indistinguishable from the larger dipole magnetization term produced
in the main coil. Smaller amounts of the higher dipole allowed
harmonics will be produced. These are the same harmonics which are
produced by magnetization in the main coil and are factors of four or
more smaller, and their effect upon the beam is further reduced by the
ratio of their lengths to that of the mair coil. Although these field
contributions could be reduced by using a multifilamentary wire for
the trim coils, the added technical difficulties of using such a wire
are not warranted by the negligible improvement in the magnet as a
whole. The magnitudes of these perturbations are given in table 4
below.
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Table 4: Trim Coil Magnetization
(Prime units at injection)

Trim Coil \ harmonic (m-1)= 0 2 4 6 8
Sextupole -0.59 +0.08 -0.03 0.00 0
Octupole -0.59 +0.06 <-0.01 -0.00 -0.00
Decapole -0.60 +0.07 -=0.02 +0.00 -0.00

It is also possible for the trim coil to induce magnetization
images in the main coil. This effect has a magnitude of 10% of the
trim coil strength and can be reduced to a negligible level by careful
cycling of the trim coil.

IV.4 Current Tolerances

To achieve 1% field accuracy the current supplied to the coils
must be controlled.to 1% . At low field the excitation current will
be approximately 200 mA requiring a least count of 2 mA or less.
Neither of these requirements is difficult to achieve.
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TOLERANCES OF BEAM-TUBE
CORRECTOR CONSTRUCTION ERRORS

J.M. Peterson and A. Chao
13 November 1987

The tolerance to random errors in the manufacture and assembly of the
beam-tube correction windings was estimated on the basis of the tolerable error
multipoles produced in each winding when energized. The tolerable random
multipoles for the beam-tube windings were taken as 1/3 of those for the SSC
dipoles listed in SSC-N-183 ("Requirements for Dipole Field Uniformity and Beam-
Tube Correction Windings," A. Chao and M. Tigner, May 1986) and translated to
tolerances on the beam-tube-winding parameters using the error matrices from
SSC-N-226 ("Field Quality for SSC Internal Trim Coils," P.A. Thompson, August
1986). The resulting rms tolerances on the coil parameters and the responsible error

multipole in each case are as follows:
TOLERANCES FOR RANDOM ERRORS

RESPONSIBLE TOLERANCE
ERROR (STANDARD RESPONSIBLE

QOILPARAMETER RMS TOLERANCE MULTIPOLE UNITS) QOIL

Displacement Ax, Ay 03mm ar by 023,023 sextupole
Rotation 05° az 020 sextupole
Gap 09° az 020 sextupole
Ellipse Ar 08mm b2 013 decapole
W ire Position 05mm az 020 sextupole
Blodk Position 05mm a3 023 sextupole

(ap by represent the skew and normal coefficients of the 2(n + 1) multipole.)



Although the listed tolerances lead to acceptable rms multipole strengths,
effort should be made to reduce the manufacturing and assembly errors further, if
practicable. The smaller the random errors, the smaller the average, or systematic,
error will be and the easier they can be dealt with operationally.

The tolerance on the systematic errors depends on the envisioned operational
procedure of compensating for the persistent current multipoles. At the moment,
this procedure is still being developed by simulations. For this reason, the
systematic tolerances for the beam-tube windings are not yet available. A
preliminary look indicates, for example, that to fulfill the systematic tolerances
specified for the magnet bodies in SSC-N-183 may not be good enough for these
windings. It is expected that some tolerance figures would be available in a few

months' time.
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Introduction

The Superconducting Super Collider uses =9600 dipole mag-
nets. The magnets have beea carefully designed to exhibit minimal
. magnetic field harmonics. However, because of superconductor
magnetization effects, iron saturation and conductor/coil position-
ing errors, certain harmonic errors are possible and must be cor-
rected by use of multipole correctors called trim coils. For the most
efficient use of axial space in the magnet, and lowest possible
curreat, a distributed internal correctioa coil design is planned, The
trim coil assembly is secured to the beam tube, a UHV tube with
special strength, size, conductivity and vacuum.

The following report details the’ SSC trim coil/beam tube
assembly specifications, history, and ongoing development.

Required Specifications

The original design of the SSC wrim coil is composed of a
“sextupole corrector which is distributed 2long the outside of the
:beam tube. The number of turns is maximized to decrease the
. required current in the trim coil. The absolute position of each
: conductor is controlled to £0.05 mm along the lcagth of the =17 m
“beam tube. This positioning tolerance was especially challenging
'becluse there was no conventional way to mass produce long
i complex multiturn coils using wire only ».2 mm in diameter to such
' precision. The variations due to accumulated tolerances of the wire
. position produce coil blocks of unequal conductor density and the
. required symmetry of the coil is lost.

-~ To obtain the required precision with a method suitable for
. production, a technique developed by the Kolmorgan Corporation
} was adopted. In that technique, copper wires are placed directly
‘onto an adhesive coated G-10 circuit board by an accurate, fast,
fully automated process. We felt that we could exploit this estab-
: lished techoology to produce complex coil patteras for the SSC,

This lechnique was adapted to produce a flat coil pattern on a
: flexible substrate that could be bent around the outside of the beam
;tube. The edges of the pattern must meet precisely because a
{varying gap or coil asymmetry would produce unwanted field
i barmonics. The coil is secured to the beam tube; the substrate must
i be slit 10 a precise size to fit the beam tube, which has an outside
‘dizmeter tolerance of £.02 mm over the entire 17 meter length,
: The trim coil’s substrate must withstand cryogenic tempera-
itures and tolerate high radiation levels. The beam tube must be
;made from a high strength material of the required size which
‘would not exhibit high eddy current loading during magnet
‘quenches and which has an extremely low and uniform perme-
ability. It must bave an extremely pure layer of copper on its inside
surface. The copper coating must have excellent adhesion to the
.beam tube without contaminates to poison the UHV. The copper
‘must be uniformly applied over the full 17 meters.

*Work performed under the auspices of the U.S. Depariment of Encegy

Superconductor

The minimum current requirement for the SSC trim coil is §
amps at the full 6.6 Tesla dipole field. From previous experience
with CBA trim coils, a safety factor of at least 3 was considered
prudent for the trim coil peak operating curreat, The critical current
of the trim coil design was originally set 215 amps at 6.0 Tesla.

The bare wire diameter is .0082 £ .0002"; it is .0095 £ .0005"
including the insulation. Monofilament wire with =1.65 to 1 copper
to superconductor ratio with a current density of 22000 amps/mm
was selected. The monofilament was selected because it welded
better to the multiwire substrate than did multifilament wire,

Beam Tube

The magnetic field length of each SSC dipole has been set at
16.7 meters. The overall length of the beam tube is =17 meters, The
tube O.D. is 1.360 + .001-.000". The design of the beam tube was
based on a maximum pressure of 20 atmospheres or =300 psi at
quench. The initial wall thickness was set at .035 + .005-.000".
Concern over Lorentz loading from eddy curreats in the copper
plating and increasing quench pressure dictated an increase in the
wall thickness to .Q44 £ .004". )

Various maltcrials were considered for the beam tube, includ-
ing stainless steels, such as 304LN, 304L and 316L. For 300 series
stainless steel, any unannealed mechanical work hardening results
in non uniform magnetic permeability; a uniform permeability of
<1.005 at 4.5 K is required. Armco Corporation produces high
nitrogen content alloys called the nitronic series. Two alloys,
Nitronic 40 and 33, both have higher yield strengths and lower
permeability than 300 series alloys, The Nitronic alloys do not have
large changes in permeability caused by cold working.

Trent Tube of East Troy, Wisconsin with experience in very
long Nitronic 40 welded tubing, was chosen to produce tubes.

Welded tubing was initially thought unacceptable because of
UHYV problems and ferrite content in the welds. In working closely
with Treat and the BNL Material Science Group, we developed a
weld, draw and anneal schedule which yielded a variation in perme-
ability throughout the tube undetectable by a ferrite scope at 20 C.
Recent magoetic measurements of completed SSC magnets show no
adverse effccts of the weld on magnctic field quality, The final
choice of alloy was based on the fact that N33 was only available in
billet form whereas N40 (ASM #21-6-9) was supplicd as sheet,
ready for the welding process. The major disadvantage of the
Niuonic alloys are that they caanot be vacuum electron beam
welded since the nitrogen will come out of solution in the weld
puddle, producing porous and brittle welds.

When the tube is produced, a final cold overdraw and roll
straightening is required to assure the tube's outer diameter to 30.
02 mm and straightness of 1 mm/2 meters.

The Development Program

Contracts were established with the Kolmorgan -subsidary,
Multiwire, to develop the wiring of superconductor using
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Fentistmdardequisment. for-the develfoment 6f & cryogenicall
stable substrate, and to build the first .S meter and 4.5 meter (r
coils. Short sextupole trim coils =.5 meters long were wound
tested successfully using various assembly techniques.
A special substrate transport system was designed and built a
BNL to expand the wiring capacity of one axis of the Mulﬁwlrﬁ
iring machine. 4.5 meter coils were wired and delivered to B
iﬂng the new tooling. Since final assembly tooling was not av:q
le for the 4.5 m magnets, we removed the FEP backing on th
tSubstrate and used an epoxy impregnated glass wick to bond th
Hrim coil to the beam tube. This assembly, unfortunately, resulted i
(in unsymmetrical coil with & substrate edge gap varying between
0" and .070". This error was observed in the magnetic field
casurcments. The operation of the coils was successful, however
awith currents reaching =15 amps at 6.2 Tesla, The assembly toolin
& as completed in time for the 17 m magnet trims where the edg
* gap did close, showing & dramatic improvement in field quality."

“The Multiwire Process and Trim Coil Assembly

The Multiwire process was first developed by Mr. Page B
in 1969 for the routing of copper wire on circuit boards, It was
alterpative to printed circuit techniques. Our superconductor i
insulated with a .0005" radial build up of polyimid "ML" insulatio:
with & 1000 volt turn-to-turn breakdown. A very thin layer »,0002"
thick of High Bond adhesive coats the insulation. The insulate
wire is stored in a spool above a wiring head. A small motor on th
wiring head drives the wire at a precise speed between a stylus and
the circuit board adhesive. The stylus is vibrated at =25 KHz. Th
kinetic energy imparted to the wire while under the stylus causes
the High Bond coating to chemically react with the circuit board
adhesive, called RC20S. The pressure and elevation of the head
controls the depth of the wire into the RC205. Wiring speeds are|
between 8 to 15 meters per minute. In the past, Multiwire had|
produced various types of complex wiring patterns. The standard
wiring machines have the capacity to wire a circuit board or coil
pattern of 24" x 24",
. A special substrate is required. It has to be cryogenically
fitable, it has to bond to the Kapton-insulated beam tube without,
"distorting the wire positions, and it has to provide good bonding
?g’uenglh for the wires during the wiring, handling and assembly.
tThe strength and electrical insulatiqp are supplied by a .003" thick
. fKapton sheet. A 001" thick FEP teflon coating on one side pro-|
gi:le: the means of binding to the bore tube. The other side \:omninsl
q .002-.003" matt of fiberglass bonded to the Kapton with a .002"
dayer of RC205 adhesive. On top the fiberglass matt is a layer of]
005" RC20S for receiving the wires. The matt prevents the adhe-
sive from cracking at LN2 temperature. The total substrate thick-
ess is only ~.014", This material is processed in 6" strips by the
heldah! Co. of Northfield, Wisconsin.

After manufacture, the material is shipped to the Metlon Co.
of Cranstor, Rhode Island and slit to a width of 4.346 + .002 -.000"
with a straightness of 005" over 24 inches.

Once slit and inspected, the substrate is shipped for precision
punching by the Schneider and Marquard Co., Newton, New Jersey.
Two sets of holes are punched at one inch increments along the
length of the substrate. Location slots are punched along the sub-
strate at 18 inch increments. The slots and holes are designed to
allow any combination of odd or even harmonics from quadrupole
to 14-pole correction coils, Present correction elements include an 8
meter-long 19 tura sextupole, 5 meter long 12 turn decapole and 4
meter long 14 turn octupole. :

After the substrate is punched, the material is sent ¢

£

Multiwire. The bole and siot pattern is registered to the wiring head|

with the use of precision sprockets on the substrate transporter,
which is mounted on the bed of the Multiwire wiring machine, The
superconductor is applied to the substrate in a preprogrammed wire
pattern (see multiwire flat pattern layout, ‘Figure 1). After the
wiring is finished, 2 protective .001° Kapton cover sheet is applied
over the coil.

~Once the wired substirate s received and inspected at
Brookhaven, it is piaccu vn 2 00 {1, surface plate and the position of
the location slots are checked and transferred to the beam tube. The
beam tube has previously been wrapped and heat sealed with .001"
FEP dispersion coated Kapton film to achieve a precise diameter.
Precision locating fixtures have beea used to apply location pins
made from RX-630 to the wrapped beam tube. The pins transfer the
precise and very flat plane of the surface plate to the beam tube

Special tooling is uscd to roll out and secure the wired sub-
strate onto the beam tube. The location slots in the substrate fit
snugly onto one row of location pins bonded to the beam tube. The
substrate is wrapped around the beam tube and then securely
wrapped with a double layer of FEP-impregnated Kevlar yarn. A
final 50% overlap wrap of FEP-coated Kapton film is applicd over
the Keviar. The Kapton assures a >S5S KV breakdown between the
trim and main coils.

The entire assembly is passed through a radiant oven 10 heat
seal the various compoaents of the asscmbly logether. The location
pins protrude through the top Kapton layer. Using the previously
mentioned fixtures, locating keys are applied to the location pins
and glued into position on 18 inch increments, oa both sides of the
tube. Bumper strips of G-10 are glued onto the Kapton outer wrap.
These are used to space the beam tube inside the main coil at
assembly.

The assembly is inspected and electrically tested for proper
resistance, continuity, inductance and highpot breakdown (see the
section drawing of the beam tube assembly, Figure 2).

Copper Plating

For the efficient transmission of beam image currents in the
SSC, the beam tube must have a highly conductive surface applied
to its inner disameter. This surface must have minimum
pbotodesorption outgassing so that under the bombardment of syn-
chrotron radiation the UHV of =~10"'° Torr may be maintained to
maximize the beam life. A high purity copper plating was selecid to
form the conductive surface. During magnet quenching, eddy cur-
rents will be induced in the copper surface. Resulting high forces
will tend to shear the coating off the tube wall, The copper s
adhesive strength to the beam tube must be higher than the copper’s
yield strength. In addition, the surface must be smooth and void of
high vapor pressure materials which outgas into the UHV.

Over the past two years, BNL has worked closely with the
PCK Company to devclop a copper plating that matches the above
requirements. Beam tubes up to 18 feet in length have been plated,
using a technique developed at PCK. This technique includes a
non-consumable anode suspended in the beam tube, a copper bus
applicd to the outside of the beam tube and anode terminations
protruding through manifolds at the tube ends. The anode is mad¢
up of a copper core inside a titanium tube with a thin layer of
platinum on its surface.

A cleaning solution followed by a water rinse is first pumped
through the beam tube. A solution of sulfuric acid-is thea pumped
through the tube while a DC current is used to activate the inside
surface. The activation solution is followed by a copper sulfate
solution. Using various current densilies, copper is applied to the
stainless steel and built up to a uniform coating of .0025 % .0005"
along the eatire length of the tube. After the copper is plated, a
ringe is performed, followed by vacuum drying. The resulting
copper surface has a uni-axial grain structure having the minimum
number of grain boundaries, Resistivity ratios at zero field and 4.
2K bave been measured to be 2900.° Photodesorption outgassing
rates have been measured 10 be less than $ x10™ Toer-liters/cm?/sec.
Photodesorption experiments have shown that the clean plated
surface has a lower outgassing rate than stainless steel.

Radiation Experiments

Concerns were raised about the effects of radiation on the
beam tube assembly materials: Kapion, Kevlar, Glass, RC20S adhe-
sive, and FEP Teflon. FEP was originally chosen as the main
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-bonding-agent~of. | lhc u-lm asscmbly. Teflons in, general are not
recommended for use i bigh radiation environments. They have &
low resistance to radistion as compared to other thermal plmica.

rubbers, or polymers.

FEP-coated Kapton was chosen because it could be held '
extremely close tolerance (£.0001") and as a standard Dupoal
product, it was readily available. This aliowed close diamecter

" tolerances which could not be achieved by use of epoxy as a

g ageat. FEP also had good .boad strength at cryogenic,

peratures. '

¥ A study at Brookhavea concluded that Teflon's radiation resis-’
fance {s good if it is not irridiated in the presence of oxygen.
Cryogenic temperatures also improve radiation resistance.* Since the
'SSC magnet offers this environment, it was decided that the bene-
giu outwexghted the risks. Alternate sdhesives were also investi-;

,pted for instance, RC20S5 has various components of epoxy and
{pbben but the composite as a whole had no published radiation!
Sffects data. i
! Using the Brookbaven Linac Isotope Producer (BLIP) various;
component materials of the trim assembly were irradiated. The;
exposures were preformed at 3.5 and 20 B amp-hours of proton;

- beam current of eaergy =193 Mev. Although of relatively low!
energy, the ionization attributable to the proton beam is similar to a
long-term exposure in the SSC machine. No effect on the Kaptloa:
substrate material other then a slight stiffening was found. S:gmﬁ-.
cant degration in the streagth of G-10 at the higher bombudmem,
was observed; the sample turned black and lost over 90% of its!

‘ mechanical strength. Some degradation in RX630 was found but’
oot enough to preclude its use. Iitial observations showed an

_ actual improvement in FEP bond strength but under high bombard-

_ meats, the FEP became brittle. The peel strength of the supercon-
ductor from the RC205 adhesive did not change appreciably. How-
ever the interstitial bond streagth of the RC20S, glass and Kapton
laminate deteriorated to & point that alternative adhesives must be
investigated. The Kevlar yarn remained intact; however, under the:
higher bombardment, some loss of bond strength was noticed.

. ‘Future Developments

Work has begun on the evaluation of alternative adhesives that
yould be used in the trim coil assembly. An improved epoxy-based.
#vire adhesive called PK102 will be tested for its radiation resis-
mme. Different adhesives such as Tefzel are being investigated for.
u;e eventual replacement of the FEP Teflon,

-% Glass and carbon fiber yarns are being evaluated as altema-.
;uves to Kevlar. Alternative materials and designs are being eva!u-;
Z'led to replace the G-10 bumpers on the outside of the trim coil
assembly. Further work will continue to optimize the trim coil
: desxgn to precisely match the SSC field requirements where needed.

Work is continuing on the development of a facility to plale
beam tubes up to 17 meters in length,

Armco Nitronic 33 alloy stainless steel will be investigated asx
a lower cost, lower permeabilty alternative 10 the present Nitronic:
40. New tooling will be developed at BNL to improve the trim coil/
beam tube assembly tolerances. This tooling will aiso substantiaily .
reduce assembly time and cost.

Work will continue to emphazsize industrial involvement in t.be-
developmeat and improvement of the trim coil componeats aad wxlln
seek 10 optimize procedures for the mass production of assemblies. -

1 Techaical Spinoffs

The first spin-off of this technology was the production ot‘
precisely made detector wire patterns for an IBM/BNL collabora-:
tion on a monopole detection experiment. Also, General Electric is|
working with Multiwire to develop a less expensive and more‘
precise alternative for the production of superconductor trim coils!
for nuclear magnetic resonance imaging equipment. The Muluwire
technique of precision wire placement can be applied to experimen-
tal insurumentation such as lumped correctors, measuring coils, and
drift chambers for the SSC and other accelerators.

G-4

Conclusions

Over the past three years Brookhaven has been involved in a
program which has led to the successful development of a precision
field correction coil/beam tube assembly for the SSC. The initial
results show that the assembly fulfills the various requirements of
‘the SSC accelerator design in the areas of field strength, quality,
copper plating, photodesorption, and assembly procedures.

Work is still needed to improve the radiation resistance of
' constituent materials. Efforts are under way to optimize and refine
.the materisis and production techniques as well as quality control

' procedures to assure the efficient and trouble free operation of the

9600+ lrim coil bcam tube assemblies for the SSC project.
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TABLE L

Multipole (units) a, a, | b,
Dipole Tolerance 2.7 J1+.6 L - 2487
(systematic + random)
fourth 4.5m trim .03 -.14 01
First 17m .09 -39 -.06
(60cm section)

TABLE 1L
Multipole b, b, b, by bg b, bg

(units)

Dipole tolerance [ 2.0 |.1+.3 |.2+.77|.02+.1 |.04+.2 | .06+.2 |.1£.1
(systematic
random)

Four 4.5mv wrims |5.38% |.20¢ .02+ |.045+ |.02& |.0l+ |.008%
(mean £ ©) .08 04 1.02 .03 .01 01 .002

First 17m 5.61 |.035 {-.02 [-.008 [.008 |0 .009
{60cm section)

Multipole (units) a, a, a a, a, ag

Dipole tolerance |[.2+7 (.22 |+2 +.1 +.2 .1
(systematic
random) =

Four 4.5m trims |.26% 02 .02+ 02t 02+ <.01
(mean £ o) .06 .02 01 01 01

First 17m -1.076 -.01 -.005 -.005 0 -.002
(60cm section)

Table Captions

Table 1. Low order multipoles from sextupole trim coils, scaled
to a 2 A trim coil current in a 2 T dipole field.
Multipoles are evaluated at 1 cm, in units of 10™ of the
'dipole field. )

Table II. Sextupole field and higher order multipoles from:
sextupole trim coils, scaled to 2 2 A trim coil current in
a 2 T field. Multipoles are evaluated at 1 cm, in units of - -
10 of the dipole field.
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APPENDIX 1

"HERA Correction Coil Design and Performance,"

Talk by Peter Schmueser
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APPENDIX J

"Radiation Damage to Organic Materials,"
Talk by Roger Clough



RADIATION RESISTANT POLYMERS
R. L. Clough

Sandia National Laboratories
Albuquerque, New Mexico 87185

For Publication in John Wiley & Sons
Encyclopedia of Polymer Science and Engineering
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JABLE L.

CLASSIFICATION OF POLYMERS
ACCORDING TO THEIR PREDOMINART DEGRADATIOR MODE
WHEN IRRADIATED UNDER INERT ATMOSPHERE CONDITIONS

Polymers Whicn Undergo Primarily Polymers Which Undexrge Primarily
—hain Scission —Cxeosslinking
polyisobutalene polyethylene
poly-a-methylstyrene polypropylene
polyvinylidenechloride polystyrene
polyvinylfluoride poly(vinylchloride)
polytrichlorofluorocethylene poly(vinyl alcohol)
polytetrafluoroethylene polyacrylonitrile
polyvinylformal polybutadiene
polyvinylbutyral polychloroprene
polymethylmethacrylate poly(styrene-co-acrylonitrile)
polymethacrylamide poly(styrene-co-butadiene)
polyoxymethylene poly(butadiene-co-acrylonitrile)
poly(propylene sulfide) natural rubber
poly(ethylene sulfide) chlorinated polyethylene
cellulose ‘ chlorosulfinated polyethylene
polyalanine polyamides
polylysine polyesters
DRA polyurethanes
polysulfones
polyacrylates
polyacrylanides
polydisethylsiloxane

polymethylphenyl siloxane
phenol -formaldehyde
urea-formaldehyde
melanine-formaldehyde
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RADIATION SENSITIZATION OF POLYETHYLENE
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from: R. L. Clough and K. T. 6illen, “Gamma-Radiation Induced
Oxidation and Mechanisms of Its Inhibition,” in P. Klemchuk and
J. Pospisil, eds., Qxidation Inhibition In Organic Materials. CRC
Press, 1988.

TABLE IV

RELATIVE RADIATION STABILITIES" OF POLYMERS, UNDER TWO DIFFERENT SETS
OF CONDITIONS, AS INDICATED &Y THE DOSE (in rade) REQUIRED TO REDUCE
MECHANICAL PROPERTIES™ TO 50% OF THEIR ORIGINAL VALUE.

22223 nernesenrs 0ata Tangw Y veny R ~erresENTS DATA TAKEN AT LOW
QM DOSE RATE 108 AR (OR ¢ INERT DOSE RATE W6 AIR, CHARACTENSTIC OF MORE
ATMOSPHERE), CHARACTEMETIC OF LOW- SIGHLY OXIDIZING CONDITIONS. >
OXIDATION (O
CONDITIONS. *
DOSE mp o8 108 10 108 100 10"
(rods) | 91 1 4 1 3
m‘-""%‘c) OO EOOTITITO SO TISIIIT TGO OIITIOIIIOID:)
POLYPHENYLENE SULFIDE OO OOE IO IO IO OISO IO I IS,
roxy \ VIO TOIIOIIITIIIIII T IIITIIIIIIIOTITIIIIIIP.
PHENOL PORMALDENYDE Y7777 777777777 Ll 70l Ll 7 Pl

(MINERAL + SAWDUST FILLER)

POLYESTER o/ L
(WORGANIC FILLER)

POLYSTYRENE [7 777777 777777777 T 7T T 7 T LD

POLYSULFONE 2IAIIIIIIIIIIII I rIIIIIIIsIrrIIIIrrIrsy.
(AROMATIC)

eyt AV ——————r
(SAWDUST FILLER)

POLYURETHANE P77PF I I IIrIrsEsssrsressrrrssssssss

POLY(STYRENE-CO-
ACRYLONITRILE)

POLYETHYLENETERE- T T TP 77 7 7
PHTHALATE

POLYURETHANE RUBSER

POLYSTYRENE-POLYBUTADIENE |
(BLEND)

IBES ORI ELO O OIS OISO IIIIS

POLYVINYLCHLORIDE TNV IV ISV B IIIOIIT IO IEIES
(PLASTICIZED)

POLY(ETHYLENE-CO- VWIS IOIII TIPS RO IS ETIOTIIIIIS.
VINYLACETATE)

MATURAL RUSSER VISI SIS I IS IO IIIIIIIS4
POLYCARBONATE \ IO IIIIIIIIIIIIIIIITIIIIS
MITRILE RUSSER | AIIIIII SIS IIIIIIIIIIIIIIIIS

POLYETHYLENE ‘
Q.OW DENSITY) K . \

J14



TABLE IV (continued)

DOSE =) oS 18 10 0* w0* 10%
- |

(rads)

CHLOROSULFONATED
POLYETHYLENE

ETHYLENE-PAOPYLENE
RUSBER

ACARYLIC RUBBER

POLYVINYLFLUORIDE
POLY(ETHYLENE-CO-
TETRAFLUOROETHYLENE)

POLYCHIL.OROPRENE
RAUBSBER

POLYAMIDE (ALIPHATIC)
POLYVINYLALCOHOL

POLYETHYLENE
(*HGH DENSITY)

SILICONE RUBBENRN

CELLULOSE-DERIVED
POLYMERS

L 1 L [ 1 i

77 ——— Lar ax Ay o

POLYMETHYLMETHACRYLATE Ezmzzm

POLYPROPYLENE

POLYFLUOROTRICHLORO-
ETHYLENE

BUTYL RUBBER

POLYTETRAFLUORO-
ETHYLENE

POLYOXYMETHYLENE

—

IIIIIIIISII OIS IIIIIS

*  This table is intended 20 8 rough guide, 16 be used as an ald in selection of materisls for further testing. The
dals were tshon from numercus llershwe sources. and represent approximate radiation tolerances of

materials under two specific environmental conditions. As discussed in the text, other

factors not taken inte sccount in the deta will have a major influence on radiation resistance due to differing
oxidetion effects. These factors include: other dose rates, temmperature, post-irradiation time, formulstion and

sample thickness.

“*  tn most cases. the mechanical preperty considered was tenelle elongetion st break. Where elongation data
were unaveilabie, seme ether imperiant mechanical property, such as bend strength, was coneidered.

>  Dets were faken at a variety of high dose rates, primarily in ihe range of 108 - 107 rade/h or above.

*¢>* Deta were token within or near the dose rate range of S x 102 - 5 x 103 rad/h, in sir. Sample thicknesses were
primarily in the range of 0.4 - 1.5 mm. Samples were irradisted st or somewhat above room temperature.
Mechanical properties were messured shortly after the irradistion wae compieted.
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IABLE 5.

Dose Required to Reduce Tensile Elongation to Half the Initial Value,
for Polyethlene Containing Various Stabilizers
- at a Concentration of 0.254* (Ref. 87)

Stabilizer Dose (Gy, x 10%)
Nothing 6
2-Mercaptobenimidazole 6
Trilaurylphosphite 6 -
Ionox 330%* 8
2-Mercaptobenzothiazole 13
N,N’-Di-(A-Naphthyl-p-

phenylenediamine) (DPPD) 15
Santonox R¥* 23
Santovhite Powder (refined)*+* 24
Phenothiazine: Ionol** 50:50 32
Phenothiazine: Ionol** 30:70 36

*For samples containing two stabilizers, the combined
concentration equaled 0.25%.

**A hindered phenol derivative.
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GENERAL APPROACHES TO DEVELOPING
A RADIATION-RESISTANT POLYMERIC
MATERIAL

"Must, of course, consider many application-specific
parameters besides radiation tolerance: processability,
cost, toxicity, physical properties.....

L4

" 1. Judicious choice of polymer type, based on literature
information

2. Appropriate modification of polymer structure

- Copolymers
- Grafting



3. Inéarporation of additives

- Energy deactivator antirads (generally
polycyclic aromatics)

« Antioxidants
- Radical mobilizers

= Antiozonants

g1l

4. Modification of irradiation parameters
5. Post-irradiation treatments

6. (Combination of the above)

7 PREDICTIVE AbING Exesmm;,vrs
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CHEMICAL STRUCTURES OF NYLAR AND TWF
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RADIATION EFFECTS o POLYMERS
APPLICATIonS

Noclear Plants (LS. % 100, Werlduik = 550D
Neclear - Powered 51\\"05

Hiﬂ‘- fnefi)/ myﬁcs Tastulletions (ceu,efg)
Space. Vehicles

Rﬁdl‘a"ﬁ‘m -.S'ﬂﬁ)l'z«"'ioa o‘€ Dl‘sfoa'q b /e
Medical Eguip MenT

P mer R‘OCCSSI"\ v Cross-|inkimg © é
‘ly RVL}"S ¢5 Cocﬁ'\;f ¢

Mise! D¢‘€eﬂ¢9 ”uollw wl&,'e/ Zalfd"”! ?:‘eelum,..-



APPENDIX K

"Results of Radiation Damage Experiments at BNL,"
Talk by Al Prodell

Appendix includes summary of experimental results.
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RADIATION SAMPLE RESULTS

Selected sample of trim coil substratum and components were
prepared and assembled into film sample holders. The sample holders
were sealed by electron beam welding to form targets. The targets were
installed in the (Blip) Brookhaven Linac Isotope producer Beam Line.

The sample targets were exposed to approximately 20 micro amp hours of
proton beam at an energy of 193 MeV. The following tables present the
qualitative results of the radiation effects on these samples. A
qualitative rating system was devised *'s indicate any possible use as a
trim coil material, 0 indicates no possible use in the samples condition
at the time of exposure, --~ indicates no results or a lost sample.
Three and four * ratings indicate good to excellent results.

A summary of three and four star samples are also presented. Most

of these materials will be proposed to be used as components in
radiation resistant Multiwire trim coil assembly.
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RAD Sample Results

Rating Sample Target Description
* 1 1A Tefzel Sheet
.001
*% 2 1B Tefzel on
Kapton
Dupont 400ZN031
k% 3 1C Disks of Kapton
bonded by Tefzel
- 4 Tefzel coated
Kevlar
** 5 1D Halar sheet
0 6 1E Uncured and
unsupported
PK102 Adhesive
only
- ’7 [p—— -
Disks of Kapton
%odede ke 8 1T bonded by Crest
epoxy
(** as 9 1F Disks of Kapton
coating bonded by
only) 3M2216BA6GRAY
(0 bond) epoxy

K5

Remarks

Discolored near
center, slightly
brittle, IN, okay
shrinkage, no loss
in strength

No damage, some
cracking after
multiple cycling.
Fair to good
adhesion. Some de-
lamination after
severe bending.

Very well bonded, some
cracking, flakes de-
laminating, but
ductile at IN, temp.
stays bonded.

(Not in disk form
could not be tested).

Sample appeared non
ductile but did not
discolor like Tefzel.
Slightly brittle.

Without backing
material the sample
completely, easily
fractured, and
disintegrated.

No apparent
damage. Excellent
bonding.

Disks quickly
delaminated, but
adhesive was
well bonded

to Kapton,
ductile at IN,.



Rating Sample Target
%% 10 1G
* 11 1J
— 12 1K
0 13 1L
* 14 M

RAD Sample Results

Description

Tefzel coated
Kevlar on Kapton
disk

Substratum disk

Non cured PK102
and wire

Sheldahl
757-7-1

Sheldahl
757-7-6

Sheldahl
757-7-6A

K6

Remarks

Once cover sheet
is removed, the
bond between the
Kevlar of yarns
will crack and
fail. No effect
on IN, cycle
thermostatic.

Adhesive cracked

at moderate
bonding. Very
poor wire
bonding.
Adhesive de-
laminated

from Kapton.

Lost at Blip.

Discolored,
surface foamed
up. Very
brittle.

Some bobbles,
severe bending,
adhesive will
crack and

flake off.
Adhesive is well
bonded after
thermal cycling,
but cracks when
warm.



RAD Sample Results

Rating Sample Target Description

* % 15 1N Sheldahl
757-7~-8

%k 16 10 Sheldahl
757=-7-9

*xk 17 1P Sheldahl
757-7-10

0 18 1H Halar bonded
Apical (Kapton)
disks

e 19 1Q Sheldahl
757-7-11

(glue

only)

K7

Remarks

No noticable
cracks or
adhesive
delamination.

No dis-
coloration.

High differntial
contraction.

Slightly bonded
together, coated
black. No
visible effects
or damage,
(Possible Kapton
adhesive
alternative).

Disks slightly
bonded together,
but delaminated.
No visible
damage. No sign
of differential
contraction evi-
dent. (Possible
Kapton adhesive
alternative).

Sample de-
laminated
and adhesive
cracked

into pieces,
slightly
ductile.

Disks glued
together but
separates when
flexed, adhesive
is intact.

*Glue intact.=*



RAD Sample Results

Rating Sample Target Description

*% 20 1R Sheldahl
757-7~-12

_—— 21 1s Kapton disks

bonded together
with Barcel pv
adhesive

* k¥ 22 1T Light pv
coated
S-2 glass
by Barcel

dekk %k 23 10 Heavy PV
coated S-2
glass by
Barcel

*hk 24 v Tefzel coated
Kapton

0 ? w Kapton disks
bonded together

K8

Remarks

If it had
adhesive it
turned white-
yellow. Little
or no effect.
*No effect.
Glue intact.*

Lost at Blip.

Execellent; no
visible damage,
but some glass
fiberious
delamination.
When cold the
glass cracked,
but the Kapton
stayed adhered
to glass.

No effects,
glass is
slightly
brittle.
Excellent
adhesive.

Some cracking
when bent, but
layers stayed
bonded together.
Did not show
bond change when
temp. cycled.

Fell apart
when slightly
bent or
creased.



Rating Sanmple Target
*kk 25 1X
0 26 1y
% kk 27 1z
* 28 2A

RAD Sample Results

Description

Bonded strips of

Kapton and
Tefzel. Dupont
120ZN616

Fully cured
RC205
substratun,
bonded to
stainless
steel

Non cured
Wired RC205
substratum

Non cured
RC205
substratum

K9

Remarks

Some delamina-
when bent
severely
creased. Sample
did not delami-
nate and was
still ductile
at IN, temp.

>60 mr/hr
surface is
flaking off
exposing
glass. De-
laminations
from steel very
brittle,

cracks on
bending. De-
laminated when
thermal cycled.

Adhesive
darkened. Fair
adhesion, did
not crack.
Wire peel
strength = 5
0z./wire
survived LN,
cycle. Some
delamination
when creased.

Very brittle, no
temp. cycle
effect,
blackened
sample cracked
and pulled
apparently
easily.



RAD Sample Results

Description

Rating Sample Target

0 29 2B
-— 30 2¢C
*kkk 31 2D
*okkk 32 2E
0 33 2F

Fully cured
Wired RC205
substratum
bonded to
stainless
steel

Wired PK102
on Kapton

Multiwire
#6, 6s
substratum,
PK102 on
Kapton

Multiwire

#3 wired.
Substratum
PK102 and
glass on Kapton

Multiwire

#3 unwired
substratum PK102
and glass on
Kapton

K16

Remarks

Blackened,
delaminated
cracks, very hot
> 90 MR/HR.

When bent.
Little effect
of cold shock.
Wire peels
strength

< 2 oz./wire.

Lost at Blip.

Discolored, good
adhesion, to
Kapton survives
severe bending.
Good results.

Kapton
delaminates
Somewhat from
glass composite
is still
ductile. Good
peel strength
5-7 oz./wire.
Glass could be
added to PK102.
Survives IN,
cycling. Very
well.

Extremely
brittle,
Partially
disinte-
grated.



Rating Sample Target
%% 34 2G
0 35 2H
ke ok k 36 2T
*k 37 2J

RAD Sample Results

Description

Outgassed PK102
substratum high
volital wire
wired

PK102 between
layers of Kapton

PK102 adhesive
and wired
substratum bake

PK102 on
Kapton
substratum
Unwired

Kll

Remarks

Cover sheet well
bonded. Wire
peak strength
5-6 o0z./
adhesive.

Did become

foam like.

Survived
outgassing,
brittle,
adhesive
becomes disinte-
grated when
flexed.

Good cold
properties.
Sample still
ductile. Some
cracking but
adhesive did not
crack off. Good
bonds even after
severe bending.
Wires bonded
well, but peel
strength = 3
oz./wire.

Some chipping
after bending.
Quite ductile.
Survived
creasing, some
cracks of
Tefzel, but
survived IN,
shocks.



RAD Sample Results

Description

Rating Sample Target
38
39
0 40 2K
* 41 2L
0 42 2M
F*kk 43 2N

Multiwire

#3 glass press
baked.
Substratum PK102

Multiwire
#4 wired
substratum.
Fully cured
PK102

Multiwire
#4 unwired
substratum
Fully cured
PK102

*Multiwire

#6 fully cured
substratum, no
outgassing with
Tefzel on Kapton

K12

Remarks

Cracks apart
after bending,
substratum
discolored alot
or foaming.
Delamination 3

oz./wire peel.

Wire peeled

off on bending.
Wire pole,
stayed together,
cover sheet
still bonded.

Foamed,
disintegration,
came apart on
bending and
creasing.

Cover sheet
stayed

intact. Wire
peel = 3 oz./
wire. Sample
discolored.
Poles survived
abrasions.
Fair cold
effects, some
wire delamina-
tion.



Rating Sample Target
*kk 44 20
*k 45 2P

* 46 2Q
%% 47 2R

0 48 2S
0 49 2T

RAD Sample Results

Description

Multiwire

#5 stratum baked
without cover
sheet with
Tefzel on

on Kapton

Multiwire

#5 substratum
wired bakeout
without cover
sheet with
Tefzel

on Kapton

Rogers
TMM-3
standard

Rogers
TMM-3
toughened

Rogers
T6-9
standard

Rogers T6-9
toughened

K13

Remarks

Adhesive
delaminated
from Kapton on
bending into
fine chards.
Good low temp.
Ductility.
PK192 adhesive
stayed on
Kapton.

Good adhesive to
Kapton. Low
wire adhesive
peak 2-1.5
0z./wire. Some
delamination

on cold
shocking. Fair
to good results.

Gray disk. Very
brittle, but
does not chard.
Fairly weak.

Very brittle,
discolored.
Stronger than
2Q, gray partial
disk.

Disintegrated
and melted

into a cat's
eye, sharp
brittle.

*Sample exploded
target*.

Brittle to the
touch.
Disintegrated.



RAD Sample Results

Rating Sample Target Description Remarks
*% 50 2U Rogers Some delamina-
fleximide tion, but

survived IN,
cycling, some

discoloration.
* % 51 2V Tefzel on Very little cold
glass ductility, but
was intact.
Fdkkk 52 2W Disk of Rogers Excellent. No
Envex visible effects.

K14



Summary of RAD Results

Rating Sample Target Description

3% 3 1ic Kapton layers
bonded with
Tefzel

4% 8 1T Crest 7450

3% 17 1P Sheldahl
757-7-10

3% 22 iT Light PV coated

glass by Barcel

4% 23 1U Heavy PV coated
(double coated)
glass by Barcel

3% 25 1X Dupont 120ZN616
Kapton bonded
with Tefzel

3% 27 12 Non cured and
wires RC205

4% 31 2D Multiwire
’ #6 PK102
on Kapton

4% 32 2E Multiwire
#3 PKl102
glass on Kapton

4% 36 2T PK102 adhesive
wire and bakeout

3% 43 2N Multiwire #6
baked and outgassed
Tefzel on Kapton

3% 44 20 Multiwire #5
baked without
cover sheet and
Tefzel on Kapton

4* 52 2W Rogers
Envey

K15

Remarks

To be used in
trim coils.

*

*

%6/3

*6/3

*6/3

*6/3
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CHABANGES
FEP TEFLON WIL BE REPLACED BY TEFZEL
OX ALL LAMINATED BDPHESIVE MMEMBERS
REASOMS 4 SUPERIOR RADIATION RESISTHMCE
B. SUPERIoOR BPHES/ O/ AFTER MULTIFLE
THERMAL & yctine.
C, LOWER THErAL BOMNDING TEMP,
THE FER
KEVIAR WILL BE REPLACED BY GLASS

A A NEGATIVE THELMMABL COrTTALTID.
COEFFICIENT

B. SUPERIOR RADIATION [LESISTAMCE
C., REDUCED cosT"

LOOB "MMONOFILIMENT SUPER COmDuc ror. ol
PE REPLACED BY .0/ VLTI EIC M e tor 2E

. REDUCE MAGNETIZATION
5. IMPROVE MECHANICAL JWTEAR) ey,
C. GREATER POTENT/IAL CORRECTION

L~-2



4. POLYMIDE FILM CORTEL WIRE WILL BE
REPLACED BY 0005 "KAPTON WRAPED LUIRE

A, EXPERIMENTS provE Spowr SUPELIOR
PROFORLSADMEE. TO [TjL CORTEL COIRE.

B. WILL TAKE Lp MOTIONS DUE 7O DIFFELENTIAL

CONTRABETION WHTH OCT 1M PARTIrC
A STICK SR REACTION .

5. FEP COATED (KEVLAR ) Wil BE REPLACELD
BY A POLYI/MIDE ADHESIVE
A. SUPERIOR RADIATI/ON RE S/ISTANCE
B. LOWEKL. 1HEER MEL BorNG FEMP.
6 RC 205 BASED SUBSTRATUM WILL RE
REPLACED 1BY A4 PKIO2Z2 BASEL SUBSTRATUM.,
| A SUPERIOR RBDIBTION RE SISTAMNCE
B. Supsrior THERMAL smﬁ/ufy
C. SIMPLIFICATION OF DESIGAN
D. Rapucga cosr

E . TRANS LUCEN'T SUBSIRATUAM Lesil
ALow SUPERIOR QC PROCEPURES.



7. RX-620! LOCaTION KEYS AND PINS witt BE
REPLACED BY PolyirmiE BASED ENVEx,

A, SUPERIOR RADIAT7I0N RESISTANVCE

8. 8I5V40 sro M 22168BHA Wil RBE REPLACED
BY CREST 7450 Epoxy |

A. SUPERIOR RADIATION RESISTHRLCE

B SOPERIER STREMGTH AVD MTCHL 1Al
PROPERTIES AT Low TEMEPS,

C. EASY ASSEMBLY Aro 14164 SPEE .
/7;2@/74/6770/!/ . '

V. C 1O BOMPERS WLl BE REPLACED RBY
EXTRUDED ISAPTON BOrMPER STIIPS £0ATED CorTr
CREST 7450 Epoxy

A SUPERIOR RABDIRTION RES/STANCE

8 EFF/ICIE~T /9'5 5£M/p>¢y 2R MIGH
SPEED pRropocion

C, ALLOWS MALFORMATIonS sas DIROLE
COIL LUTHOUT CRUSHINVG BEAMTUEE

0. KAPTON COVERSHEET WiTH FEP LAYER Jril
PE REPLACED BY POROVS Y0"KALION LAYER.

A.BIMPLIFIcaTIoON OF coic PREPORATION

I, WRHERE possIBLE THE FEP cosre
BE REPLACED By ‘W pxﬁ%. O wApTON Wrec

A SIMPLIFICATION pr REOVCED <os 7~

L-4



FUTURE DIZSIGN

LOCATING

ST AN

CREST 7450 EpPoxy
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NMITRONIC ~ 40 SSTI
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”
T/7ESE MABY MOT BE JTHE [/VAL CHAVGES,

FUTURE [MPROVEMENTS COULO BE JHE USE OF

Z. Lotw TEMPERATVRE THERAD LPLASTHIA
POLY IMIDES WHICH &HAV BE USEL 7
REPLACE TEFEEL OUFGASS/mC OF
SOLVENTS ARE PROI 1 BITEL /N TH15 AFPLICATION

2 . PO35/BLE ULTRASOmE Bowprals THERMOpLAS 178

PoLyt11PE. Couty BE USED TO REpi/ce
THE PRICZ

THE ABOVE OPT/ONS Spoutp BE /NUESTICH ELD
RS POS5)BLE /MPROVEMEATS T TR/MEIIES
FPROPLVCED o 195F

S /NS TRUMEN THTION THHAT witt DETELT FAews
SUCH HSH POOR BOHESIVE BorE LINES ArD
AR GBES Jr THE Cot BESE M GLy XL ALsa
BiE PVvESTIGERTED,

OBSERVATIONS OF  2Both ries EFLEC TS O
W il VALOCS MATERIALS TESTED Wil BE e
PAAT OF THE Sompmpry REFRLT.
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A PROGRAM 15 UNPERWAY TO©O MBRE
TIHE TRANSITION BETWEEN OUR PRESENMT
JR/IM CO/L DES/GN AND THE OPTIM/ISELD -
PES)GN .

7.

ANo7€ -

A SERIES OF .6 METERLR SEXTupLoLE
COILS corll BE PROPUSEL &/
COILL SHOw A GRADUAL FJRAISIJ7oA
PETLOEEN OVE LRESENT LES/GA/
ARLD THE CLTIMISED PESIGH .

OUCE A & METERL OFTIMISED MOPEL
1S PROVEN Soccgssrpul ,SEVERAE

108 METER COles cotte ZE LRIPOCES
ANE TESTED /AT FUlL FIELL

THESE Coles wie BE Boiod™ BY FEBUARY, ES

AFTEE THE FIELD. SIREEITZ) TRA/IMMG

BEHAVIOR. AND FIELD RUALITY ¢S FROVEL
ACCEPTHLBLE | T METER TRIMS &/iC

BE BUILT Brr TESTED I FULL LEPETV J)Poles

ANy OTHER [IMPROVEMENTS WitL BE
TRIED ovi . & PO 1S METER LEWMNITVS

LD LROVERD BEFoOLsE |7 METEL TRIMS
ARE A—n‘m/azz_p,



APPENDIXM

t

"Cryogenic Performance of Materials,

Talk by Mort Katz

DU PONT FLUOROPLASTIC RESINS
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TYPICAL PROPERTIES OF TEFLON® RESINS

M.P. °C.
Upper Service, °C.
Coefficient of Friction

Dissipation Factor, 60-10° Hz

Flex. Mod., PSI at RT
Izod Impact, ft.-1b./in.
Specific Gravity

T.S., PSI at RT

U.E., 7 at RT
Diel. const. 60-10° Hz

Vol. Resistivity, ohm-cm

TEFLONe TFE

327

260

.04-.08

.00002-
.00045

40-90 x 103

2.14-2.21

3000-5000

250-450

2.1

1018

TEFLON® FEP

253-282

200

.06-.10

.00004-
.0012

95 x 103

No Break

2.12-2.17

3000-4000

300

2.1

1018

TEFZELe ETFE

270

150~-177

.0006-
.005

200 x 103

1.70

6500

2.6



TEMPERATURE DEPENDENCE OF CEARPY IMPACT STRENGTH

(ASAHTI)
30 b ETFE
EE FEP
/
IMPACT /
STRENGTH .
/

Kg cm/cm? /

20 |- /

/
/
,

15 - PTFE

10

5 -

| 1
-200 =150 =100 —éo %



CRYOGENIC MECHANICAL PROPERTY OF SELECTED BULK MATERIALS

MATERTAL

VESPEL® 211

VESPEL® 92Y77

DELRINe

TEFZEL®

INSULATION PAPER

ULTIMATE TENSILE STRENGTH AT 77K,
MPa (PSI)

100 (14,500)

105 (15,000)

140 (21,000)

83 (12,000)

45 ( 6,500)



POLYMER

PE

TEFLON® PTFE

TEFLONe® FEP

KAPTON®

MEAN ELECTRIC STRENGTH OF POLYMERS

AC DIELECTRIC STGRENGTH

(MV/m(rms)
LIQ. N2 L.IQ.He VACUUM
= __5°K_
401 233 440
294 189 350
209 230 468
371 300 630

DC DIELECTRIC STRENGTH

LIQ. N, LIQ.He

580

430

310

540

294

255

400

420

VACUUM

535

510

720

882



MATERTAL

KAPTON®

TEFLON®e FEP

MYLAR®

NOMEX®

PINK POLY

VALERON

DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD
AT 12K UNDER 1.38 MPa OF HELIUM PRESSURE

MEAN STD. DEV. PUNCTURE/
(kV/mm) (kV/mm) FLASHOVER
358.7 85.63 4/32
312.9 31.7 18/18
308.4 38.4 5/31
92.5 14.5 35/0
216.1 30.9 33/0
303.9 31.6 30/5



Frequency

(Hz)

1

1

DISSIPATION FACTOR OF 125 MICRON KAPTONe WITH VARYING

FREQUENCY AND STRESS AT 77K

X

X

102
102

102

103
102

103

10*
10*

10

Stress
(MPa)

0
48

96

48

96

48

96

Dissipation Factor

.015

.018

.020

.009

.009

.010

.010

.010

.015



ELECTRICAL POST TRRADIATION TESTS PERFORMED

TEST

IN-SITU RESISTIVITY

POST IRRADIATION RESISTIVITY

BREAKDOWN

DIELECTRIC LOSS FACTOR

ENVIRONMENT

HELTUM

DRY N

AIR

AIR

TEMPERATURE
(x)

4.9-300

300

300

300



RESULTS OF ELECTRICAL MEASUREMENTS®

BREAKDOWN DISSTPATION FACTOR

MATERTAL RESISTIVITY (TQ m) RESISTIVITY (T2 m) _ MV/m (1 kiz)
C T c i T 1 c i

Stycast 2850 10 3.5 140 50 32° 32 0.024  0.023
Epon 828 15 7.5 100 60 24° 23 0.026  o0.028
G-10 CR 7 5 70 70 2% 22°  0.022  o0.024
EF 527 120 0.05 31 11 0.025

Nomex 410 35 15 130 140 38 39 0.008  0.008
Kapton® F 150 190 70> 57> 0.008  o0.008

ac = Control, I = Irradiated

b Surface flashover, not breakdown



0T-K

PROPERTY

Tensile Strength
(X pst)

Elongation (%)

Tensile Modulus
(K psi)

Volume Resistivity,
200°C (OuM-CM)

Dielectric Constant
(1 Kc)

Dissipation Factor
{1 KC§

"Mylar"* Polyester
Film

"Teflon'#* FEP-
Fluorccarbon Film

*Rég. U. S. Pat., Off,

TABLE I
EFFECT OF GAMMA EXPOSURE ON "KAPTON'"* POLYIMIDE FILM

c0%0 SOURCE (OAK RIDGE)

CONTROL 106R 107R 108R 109R
(1 WXL FILM) T HR ‘ 10 HRS 4DKYS Y2 DAYS
30 30 31. 31 22
80 78 78 79 42
460 475 490 475 421

4.8 x 1013 6.6 x 1033 5.2 x 1013 1,7 x 1013 1.6 x 1013

3.46 2.54 3.62 2.71 3.50

. 0020 .0023 .0024 .0037 .0029
<50% of <10% of

initial initial

tengile & tensile &
€longation elongation

< 10% of
initial
tensile &
elongation



TABLE I
(Continued)
EFFECT OF GAMMA EXPOSURE ON "KAPTON"* POLYIMIDE FILM

c0ob0 SOURCE (LANGLEY RESEARCH CENTER)

TI-K

2 x 109R
PROPERTY CONTROL AIR™  VACUUM
Tensile Strength
(K psi) 21.7 17.2 24 .4
Elongation (%) 87 36 84
TABLE IT
EFFECT OF ELECTRON EXPOSURE ON "KAPTON"# POLYIMIDE FILM
2 MEV ELECTRONS (VAN DE GRAAF)
CONTROL
PROPERTY (2 MIL FILM) 1 x 109R 2 x 109R 3 x 109R
% of Initlal Tensile and
Elongation Retained 1009 899 78% 75%
Volume Resistivity 23°C \
(OHI-CHM) 6 x 107 6 x 10t4 5 x 1044 3 % 10t4
Dielectric Strength
(v/mil) 1700 1610 1720 1695
Dielectric Constant . o
(1 kc) 3.5 3.4 2.9 4,2
Dissipation Factor . .0062 ,0310 .0259 .0388
(ko) o

*Reg. U. S. Pat. Off.
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TABLE III

EFFECT OF NEUTRON EXPOSURE ON "KAPTON"¥* POLYIMIDE FILM
MIXED NEUTRON AND GAMMA RADIATION (BROOKHAVEN PILE)

5 x 109R 1010g
Temperature 175°C .
Flux 5 x 1012 N/cm?/sec. Film Darkened Film Darkened and #mésilldsnd
TARLE IV

EFFECT OF ULTRAVIOLET EXPOSURE ON "KAPTON"* POLYIMIDE FILM
(LEWIS RESEARCH CENTER)

CONTROL 1000 HRS, VACUUM
Tensile Strength (K psi) 21 21

Elongation (%) 106 78

*Reg. U, S, Pat. Off,



